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describing the results of these studies in melanoma patients have been pub- 
lished (Table 3). The most relevant end point of these trials was the induction 
or increase in tumor-specific T-cell responses, but toxicity and clinical activity 
were also considered. 

In the case of melanoma patients, vaccines have been constructed ex vivo 
with both autologous and allogeneic melanoma cells (see Table 1). Autolo- 
gous vaccines offer the advantage that only tumor antigens can be recognized 
by the host's immune system, whereas allogeneic lines can generate anti- 
allogeneic human leukocyte antigen (HLA) or even anti-minor histocompat- 
ibility antigen responses that, however, do not seem to impair recognition of 
tumor antigens. However, the choice of autologous cell lines carries several 
disadvantages such as the need to resect a tumor mass of a certain size in order 
to be able to generate the line to be transduced, the variability in gene transfer 
from culture to culture, the labor intensity and economic cost of preparing the 
necessary amount of vaccine and performing the required safety assays before 
injection into patients, and the need to characterize the line for expression of 
melanoma antigens and other molecules as well. These problems can be 
avoided by using allogeneic melanoma lines that can be selected for the high 
expression of melanoma antigens, expanded, gene transduced, stabilized, used 
for safety assays, and irradiated in enough quantity to be administered in 
patients when needed. However, the majority of early planned protocols was 
based on autologous cell vaccines (Table 1) although only a few of these stud- 
ies were completed owing to the long time required for enrollment of patients 
from whom the autologous melanoma lines could be established (12,17,19,28). 

Altogether, the results of protocols of vaccination with cytokine gene- transduced 
cells were similar whether autologous or allogeneic vaccines were used inas- 
much as clinical responses were weak (Table 3) and T-cell-specific immune 
reactions, when appropriately assessed, were obtained in a minority (20-30%) 
of patients. It is also evident that, given the fact that cytokine gene transduction 
was carried out ex vivo, no major difference was found in immunogenic terms 
between cell lines transduced with retroviral and adenoviral vectors. 

A limited number of studies were conducted by a direct intratumoral injec- 
tion of the cytokine gene by using adenoviral or retroviral vectors or a plasmid 
(see Table 1). Although by this approach only local clinical responses may be 
expected, only in one study (17) were such responses reported in 4 of 17 
patients treated. 

In addition to cytokines, other genes have been transduced into tumor cells 
with the purpose of increasing their stimulatory activity, such as B7, a gene 
encoding a costimulatory molecule that may deliver the second signal to acti- 
vate naive T-lymphocytes (29). In vitro studies demonstrated that melanoma 
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cells transduced with 57.7 show an increased immunogenicity for autologous 
and allogeneic patients' T-cells (30). Animal models indicate that tumors 
expressing 57 can elicit a strong immunity when transplanted in syngeneic mice 
(31). As shown in Table 1, at least three clinical studies (responsible investigators 
are L. Schuchter, M. Sznol and R. M. Conry, respectively) have been initiated 
with vaccines expressing B7 or B7 plus IL-2, but results are not yet available. 

Another approach of immunologic gene therapy that has been applied in 
melanoma patients is the in vivo intratumoral injection of plasmid coding for 
the allogeneic HLA-B7 (Allovectin-7; Vical, San Diego, CA) with the intent 
of inducing an immune/inflammatory reaction at the tumor site that will acti- 
vate recognition and destruction of melanoma cells. Such a study reported the 
generation of T-cell-specific cytotoxicity against the autologous melanoma in 
treated patients (23). Based on this rationale, some clinical protocols have been 
proposed; two such studies have resulted in published reports (Table 3). One 
of the studies recorded seven minor responses in the injected metastases (>25% 
reduction) and one complete response out of 17 treated melanoma patients (24); 
toxicities related to the injections or biopsies included pain, hemorrage, pneu- 
mothorax, and hypotension. 

Because tumor cells to be used as recipients of genes are often available in a 
limited number and are unable to grow in vitro, normal fibroblasts that can be 
easily obtained from the normal skin have been used. On cytokine gene trans- 
duction, fibroblasts have been admixed with fresh tumor cells (to provide anti- 
gens) and injected into patients. There are no convincing preclinical data, 
however, suggesting that this approach is superior to provision of the exog- 
enous cytokine (e.g., interleukin-4[IL-4] or IL-12) to tumor cells, and the pre- 
liminary results of these clinical studies are rather disappointing. Allogeneic, 
long-term, cultured human fibroblasts transduced with the IL-2 gene were also 
used to vaccinate melanoma patients after admixing with fresh autologous 
tumor cells (32). Melanoma-specific cytotoxic T-cells could be isolated from 
the tumor infiltrate after vaccination, but only in a few patients. 

A variant form of this approach is the intratumoral injection of xenogeneic 
(monkey) fibroblasts transduced with the IL-2 gene to cause an inflammatory 
reaction that may result into tumor shrinkage; however, this occurred in only a 
limited number of cases (27). 

It should be emphasized that gene therapy of cancer is aimed at controlling 
metastatic disease, and, therefore, approaches that envisage the injection of 
genes into tumor nodules, although important to prove a principle, will hardly 
be used in the clinic, where the large majority of patients require treatment of 
visceral lesions usually not accessible without invasive techniques. Thus, the 
problem of in vivo targeting remains a major issue of gene therapy, particu- 
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larly in metastatic melanoma because cutaneous, lymph node, and even lung 
lesions can be approached easily by surgery. 

A new development in cancer vaccination lies in the use of dendritic cells 
(DCs), the most potent antigen-presenting cells (APCs) that can now be 
obtained from patients' blood in such a quantity that allows their clinical use 
(33). Table 2 lists examples of clinical studies in which autologous DCs have 
been transfected with genes coding for one or more T-cell-defined melanoma 
antigens and then injected into melanoma patients to elicit a melanoma- 
specific immune response. In vitro studies have shown that these DCs can elicit 
primary T-cell responses from peripheral blood lymphocytes (PBLs) of mela- 
noma patients (34). As shown in Table 2, different vectors can be used in 
clinical protocols along with different routes of administration. However, no 
published data are available from these studies. 

Altogether, the studies of vaccination with autologous or allogeneic gene- 
transduced neoplastic or normal cells suggest that only in a limited number of 
cases a specific, T-cell-defined antimelanoma response can be elicited and that 
clinical consequences of such a response are modest. However, important 
information has also been collected from several of these studies that, together 
with the new findings of animal models, now allows optimization of this 
approach in order to obtain more convincing clinical responses. More specifi- 
cally, one should construct vaccines whose cells express high density of known, 
immunogenic melanoma antigens and release a cytokine that can provide a 
microenvironment that favors the recruitment of DCs and their maturation to 
enable the antigens to be taken into draining lymph nodes where immunization 
of T-cells may occur. Whether or not expression of class I and II major histo- 
compatibility complex and of costimulatory molecules is important is debat- 
able (see ref. 3). In fact, although cross-priming is recognized as the most 
important mechanism of antigen presentation to naive T-cells, when patients 
are already primed against melanoma antigens (8), a direct APC function might 
be carried out by tumor cells themselves and help generate an efficient T-cell 
response. Indeed, memory T-cells can be reactivated even in the absence of 
costimulatory molecules. Recent observations indicate also that the mecha- 
nism by which tumor cells die (in the case of gene-modified vaccines, this 
occurs by radiaton) and release their antigens can be crucial for the 
immunogencity of tumors that appears to be increased when heat-shock pro- 
teins are involved (35). 

3.1.2. Adoptive Immunotherapy with Gene-Modified Lymphocytes 

Available technology allows the transfer of genes into lymphocytes. Thus, it 
is possible to confer to such cells an antitumor activity superior to that they 
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may have acquired spontaneously in vivo or after in vitro stimulation. In fact, 
previous studies showed that, despite the injection of high amounts of lymphokine- 
activated killer cells or of tumor-infiltrating lymphocytes (TILs) into mela- 
noma patients, the clinical response rate was relatively low for the former 
without a clear advantage over the administration of high doses of IL-2 alone 
(36), whereas TIL provided a 34% response rate but at the expense of costly 
and labor-intensive procedures (37). Note, however, that the majority of lym- 
phocytes transferred into patients in these early studies were not tumor specific 
and probably ineffective. 

It was therefore decided to use retroviral vectors to transduce TILs first with 
marker genes (e.g., that coding for neomycin resistance) to evaluate their 
in vivo long-term tissue distribution by polymerase chain reaction (PCR) analy- 
sis of tissue biopsies. The results of these studies indicate that TILs can survive 
up to 260 d in the circulation although no preferential tumor localization could 
be demonstrated (38). 

More recent approaches to adoptive immunotherapy involve genetic 
manipulation of lymphocytes to overcome previous drawbacks in their use. To 
bypass the need to generate and expand tumor-specific T-cells from each 
patient even in case T-cell-defined antigens are not known, a procedure that 
may be successful in <50% of individuals, one can use chimeric receptors con- 
taining the V regions of antibodies directed to tumor antigens, joined to the 
C regions of the T-cell receptor (TCR) (39). Such an approach allows retarget- 
ing of tumor cells expressing antigens frequently recognized by antibodies 
(e.g., gangliosides in melanoma) and was shown to be effective in animal mod- 
els of ovarian carcinoma (40). However, no clinical studies in melanoma 
patients have been initiated, and, therefore, the effectiveness of this approach 
remains to be determined. 

To overcome the difficulty of generating large numbers of tumor-specific 
T-cells from TILs, an alternative strategy is that of genetically modifying 
patients' PBLs. This can be obtained by the transfer of genes coding for the 
TCR of melanoma-specific antigens that will confer the ability to recognize 
such antigens on the autologous tumor cells (41). 

Thanks to new information on the molecular nature of melanoma antigens 
recognized by T-cells and the availability of new technology, it is now possible 
to select and expand in vitro autologous T-cell populations enriched for their 
ability to recognize specific melanoma antigens (e.g., Melan-A/MART-1, 
gplOO) by using either anti-TCRV antibodies or tetramers (42,43). These popu- 
lations also can be modified further to express genes that may confer selective 
tissue-targeting properties (homing receptors) or additional killing activity 
(e.g., tumor necrosis factor-a). Again, these reagents are being prepared and 



Gene Therapy in Melanoma 215 

validated in several laboratories, but clinical trials have yet to be designed to 
test the antitumor activity of such genetically modified T-lymphocytes. 

3.2 Genetic Prodrug Activation Therapy 

3.2.1. Rationale 

One of the aims of the gene therapy approach is to create an artificial differ- 
ence between normal and tumor cells in terms of susceptibility or resistance to 
cytotoxic drugs in order to improve the selectivity of the therapeutic interven- 
tion. The possibility of modifying tumor cells in order to make them more 
sensitive to an otherwise nontoxic agent is known as suicide gene therapy or 
genetic prodrug activation therapy. This approach involves the insertion of a 
gene encoding an enzyme, usually viral or bacterial, that modifies a nontoxic 
compound, the prodrug, into an active metabolite interfering with DNA syn- 
thesis, or transforms the prodrug into a more powerful cytotoxic agent able to 
kill the genetically modified cells. 

The thymidine kinase encoded by the herpes simplex virus type 1 (HSV1-TK) 
is the best known example of the former class of enzymes and the most com- 
monly used. It catalyzes the phosphorylation of nucleoside analogs that are 
poor substrates of the cellular endogenous thymidine kinase, including the 
guanosine analogs ganciclovir (GCV) and acyclovir (ACV). Once tripho- 
sphorylated by HSV1-TK, GCV or ACV become substrates of the DNA poly- 
merase and are incorporated into newly synthesized DNA, resulting in DNA 
chain termination and the death of proliferating cells. The cytosine deaminase 
encoded by bacteria and fungi is an example of the latter class of enzymes: it 
catalyzes the deamination of cytosine to uracil and is able to transform the 
nontoxic prodrug 5-fluorocytosine into the cytotoxic agent 5-fluorouracil. In 
addition to these systems, several other enzymatic activities have been 
described that can be used as suicide genes, such as the Escherichia coli 
xanthine guanine phosphoribosyl transferase or the nitroreductase, and many 
others are under development (44). 

3.2.2. Mechanisms of Antitumor Effects 

The positive outcome of the suicide gene therapy relies on successful in 
vivo targeting of tumor cells with the suicide gene, and the choice of vector for 
gene transfer is therefore crucial. However, experimental models demonstrated 
that at least two other components are involved in the destruction of tumor by 
the activated prodrug: the so-called bystander effect and the inflammatory/ 
immunologic response activated in situ by tumor cell destruction. 

The bystander effect refers to the observation that the activated prodrug has 
killed not only the transduced but also nontransduced tumor cells that are in 
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close contact. This phenomenon relies either on the passive diffusion of the 
activated metabolite from the genetically modified cells to neighboring coun- 
terparts, as occurs for 5-fluorouracil, or on an active process of transferring of 
the toxic drug through gap junctions, as is the case for GCV. Moreover, 
apoptotic vesicles released by dying transduced cells and phagocytosed by 
nearby cells have also been considered possible vehicles of activated metabo- 
lites (45). An immunologic component is also involved in the amplification of 
both the suicide and the bystander effect in vivo. Studies in experimental mod- 
els have shown active mononuclear cell infiltration of regressing tumors in 
immunocompetent hosts with release of cytokines in situ and generation of a 
protective immune response (46,47). 

Many characteristics of this gene therapy approach make it suitable for the 
treatment of melanoma patients. In fact, certain localizations of melanoma 
lesions (skin, subcutaneous tissue, lymph nodes) make them easily accessible 
to surgical maneuvers and favor their direct transduction via injection of gene 
therapy vectors. Otherwise, when melanoma lesions are difficult to reach, as in 
the case of visceral or cerebral metastasis, the possibility of using tumor- 
specific promoters, such as the tyrosinase or the tyrosinase-related protein- 1 
promoter, may allow the selective expression of the suicide gene into mela- 
noma cells, preventing toxicity in nearby normal tissues (48,49). Moreover, 
the possibility of amplifying the therapeutic response through the bystander 
effect will permit significant killing of tumor cells also in the presence of low 
gene transduction efficiency (as low as 10%) (45). Finally, the activation of 
local inflammation with immune cell infiltration provides an opportunity to 
break local tolerance to melanoma antigens and activate a systemic immune 
response. Therefore, the murine melanoma model B 1 6 has been widely used to 
test the efficacy and study the mechanisms underlying the suicide gene therapy 
in view of its use in clinical trials. 

Although nonviral vectors have been used to transduce suicide genes into 
B16 melanoma cells in vivo, such as cationic liposomes (49) and attenuated 
strains of Salmonella (50), viral vectors are still the most efficient system to 
transduce melanoma cells both in vitro and in vivo. In fact, adenoviral vectors 
can target both dividing and quiescent cells, resulting in efficient but transient 
gene expression. An improvement to the gene transduction was recently 
obtained with the use of replication competent adenoviral vectors also capable 
of exerting an oncolytic effect and spreading the suicide gene to many more 
replicating tumor cells, as demonstrated in a xenograft model of human mela- 
noma (57). Although potentially hazardous, the use of infective adenoviruses 
may offer a further advantage owing to their strong immunogenicity, a charac- 
teristic that also can be employed to potentiate antitumor immune response. 
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Intratumoral injection of replication defective adenoviral vectors efficiently 
transduced HSV1-TK into sc B16 melanoma, resulting in a significant reduc- 
tion in tumor growth on ip treatment with GCV (57). The observation that 
transduced tumor growth was impaired also in the absence of GCV treatment 
in immunocompetent hosts but not in athymic mice suggested an immune 
response to viral antigens and prompted the investigators to design a combined 
immunotherapy protocol to amplify this response. The combination of in vivo 
tumor transduction with suicide gene and cytokines, such as IL-2 or granulo- 
cyte macrophage colony-stimulating factor (GM-CSF), via adenoviral vectors 
improved the therapeutic response to GCV and induced tumor cell-specific 
CTL activity (52). 

The mechanisms by which tumor cells are killed in vivo may be important 
in activating specific immune responses by providing an inflammatory stimu- 
lus that helps convert an otherwise tolerogenic presentation of tumor antigens 
into a stimulatory signal. The expression of suicide genes has been used to 
induce the death of tumor cells used as live vaccine, so that an immuno- 
stimulatory environment is created at the site where tumor antigens are released 
and presented. To this aim, polycistronic retroviral vectors have been used to 
transduce B16 melanoma cells with HSV1-TK and immunostimulatory 
cytokines, such as GM-CSF or IL-2. Vaccination with these melanoma cells 
followed by GCV treatment generated a long-term immune protection to chal- 
lenge with parental B16, especially when GM-CSF was associated to the 
HSV1-TK. On the other hand, in a therapeutic setting, the release of IL-2 before 
GCV killing of vaccine cells resulted in a significant slowing of contralateral 
B 1 6 established tumors (53). In fact, further studies have demonstrated that the 
mechanisms of cell death can control the immunogenicity of tumor cells. 
Although an alternative pathway of cell death may depend on the cell line con- 
sidered, the treatment of B16 expressing HSV1-TK with GCV induces more 
tumor cell necrosis than apoptosis. This process is responsible for the induc- 
tion and release of heat-shock proteins whose uptake by APCs preludes the 
re-presentation of tumor antigens and immunization against them (35). 

3.2.3. Clinical Studies 

A phase I/II clinical trial has been performed to establish the tolerance of 
intratumoral injection of retroviral packaging cells in order to transduce HSV1-TK 
into melanoma lesions and evaluate the effect of the subsequent administration 
of GCV (28) (see Table 3). The treatment was well tolerated and unwanted 
retroviral dissemination was not found. Histologic modification of the treated 
tumors that included necrosis but not lymphocytic infiltration was evident in 
two of eight patients; signs of distant bystander effect were detected in one 
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patient. Although reductions in tumor volume on GCV treatment were 
recorded, the efficacy was limited. This was probably owing to inefficient gene 
transduction (<1% of tumor cells), as demonstrated by the poor detection of 
the HSV1-TK gene in tumor biopsies by PCR, a result expected in view of the 
xenogeneic nature of the packaging cells injected. However, the histologic 
signs of response to GCV, the safety of the treatment, and the absence of toxic 
side effects warrant further development of this gene therapy approach that 
will take advantage of new gene transfer vectors available and combination 
with other immunotherapy approaches. 

4. Conclusion 

Several strategies are being applied in the gene therapy of human melanoma 
but none of them appears successful at present. However, the wealth of infor- 
mation that has been collected through both preclinical investigations and 
appropriate clinical trials will certainly be used to improve our understanding 
of the mechanism of the diverse approaches of gene therapy in patients bearing 
metastatic melanoma. Although, as in other types of cancer, in vivo delivery 
and targeting remain the major unresolved issues of gene therapy, the immuno- 
logic approach should be able to improve its efficacy both in the vaccination 
and in the adoptive immunotherapy with gene-modified lymphocytes. We do 
believe, therefore, that gene therapy of melanoma deserves to be studied fur- 
ther through a synergistic effort that should include investigators from differ- 
ent disciplines to improve its clinical impact for a disease that remains without 
effective cures when recurring in distant organs. 
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Use of Gene Gun for Genetic Immunotherapy 

In Vitro and In Vivo Methods 

Alfred E. Chang, Keishi Tanigawa, Joel G. Turner, 
Edwin C. Chang, and Hua Yu 

1. Introduction 

A major thrust in the application of gene transfer technology for cancer 
therapy has been the modulation of the immune response. There has been a 
veritable explosion of information regarding the components of the immune 
response that are required to generate a meaningful cellular response to tumor- 
associated antigens (TAAs) capable of eliciting rejection of established tumor. 
Many of the preclinical and clinical immunogenetic studies have focused on 
melanoma. Historically, melanoma has been an immunoresponsive tumor for 
which several melanoma TAAs have been identified. 

1. 1. Immunogenetic Strategies 

A variety of different immunogenetic strategies have been explored in pre- 
clinical animal models and, in some instances, in phase I clinical trials. The 
schematic diagram depicted in Fig. 1 gives an overview of these approaches. 
Several different target cells have been used to transfect genes encoding 
immunoregulatory or immunostimulatory molecules and proteins. These tar- 
get cells include tumor cells, fibroblasts, antigen-presenting cells (APCs) such 
as dendritic cells (DCs), and lymphoid cells or their progenitor lineage of stem 
cells. The immunostimulatory molecules include cytokines, costimulatory 
molecules, major histocompatibility complex (MHC) molecules, adhesion 
molecules, TAAs, and components of T-cell receptors. The underlying goal of 
these strategies is to develop more effective T-cell responses to tumor antigen. 
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Fig. 1. Schematic diagram of various gene transfer approaches for modulating the 
immune response to tumors. 



One such approach would be to genetically modify lymphoid cells or stem 
cells ex vivo for subsequent adoptive transfer in vivo. This subject is reviewed 
in detail elsewhere (1). Briefly, investigators have examined ways to augment 
tumor-reactive T-cells to kill tumor cells more efficiently, prolong the in vitro 
or in vivo life span of such cells, or improve their ability to localize preferen- 
tially to sites of tumor on adoptive transfer. The use of stem cells genetically 
altered to express T-cell receptor genes targeted to specific TAAs has the 
potential to provide patients with a self -replicating source of memory T-cells. 

In contrast to these approaches, the vast majority of immunogenetic thera- 
peutic strategies employ the "vaccine" approach. Vaccination in this context 
spans a broad definition. Basically, it involves introducing an immunologic 
reagent into the host that incorporates the presence of TAAs to induce an active 
immunologic response against epitopes of the TAAs. As opposed to the adop- 
tive transfer of an immunologically competent tumor-reactive lymphoid cell, 
which is known as passive immunotherapy, the use of a vaccine requires an 
intact host immune system to respond to the vaccine and is known as active 
immunotherapy. Different forms of genetically engineered tumor vaccines are 
reviewed in the next section. 
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1.2. Gene-Based Tumor Vaccines 

One of the reasons that gene-based vaccines are of interest is the assumption that 
the host immune system to amplify the biologic effect of the transgenic protein 
that is expressed by the vaccine. Hence, the efficiency and level of expression 
of the therapeutic gene is not as restrictive as gene therapies that are designed 
to replace defective oncogenes/tumor suppressor genes, incorporate "suicide" 
genes, or target cellular signaling pathways. The end point of any tumor vac- 
cine strategy is to induce a host immune response to TAAs that will result in 
the regression of established tumor, or prevent the growth of micrometastatic 
disease in the adjuvant setting. To date, tumor vaccines have been tested only 
in patients with diagnosed tumors, either after resection of a primary tumor or 
in the advanced disease setting. In these clinical studies, tumor response and 
time to progression are evaluated as potential end points. In addition, immuno- 
logic end points can be measured to monitor the biologic effects of the therapy. 
Several different immunologic tools are reviewed in this book that are helpful 
in monitoring the effects of vaccine therapies. Tumor-induced immunosup- 
pression is a potential barrier in the induction of immune responses to vaccine 
therapies. In the future, preventive vaccines may be devised to immunize 
noncancer-bearing individuals identified to have a high risk of developing cer- 
tain malignancies based on the presence of cancer susceptibility genes. 

1.2.1. Noncellular DNA Vaccines 

DNA encoding TAAs has been investigated as a method to stimulate an 
immune response by in vivo gene transfer methods. Examples of human TAAs 
evaluated in this context include CEA-derived antigens for colorectal cancer, 
prostate-associated antigen (i.e., prostate-specific antigen [PSA], prostate 
membrane surface antigen for prostate cancer, and papilloma virus-associated 
antigens (i.e., E6, E7) for cervical cancer. The form of gene delivery has varied 
according to the preference of the investigator. Viral vectors utilizing the vac- 
cinia virus or other pox viruses have been used for immunization to CEA and 
PSA epitopes in clinical trials (2,3). Intradermal inoculation of viral vectors 
can potentially transfect an array of dermal cells along with inflammatory cells 
attracted by the viral vector. Gene gun utilization has been performed in pre- 
clinical animal models for E6 antigen and is discussed further in Subheading 
3.4. Skin bombardment of DNA by gene gun delivery presumably transfects 
keratinocytes and dermal constituents such as Langerhans cells. Naked DNA, 
when injected into myoblasts, can efficiently express the transgenic protein (4). 
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An indirect method of vaccinating the tumor-bearing host has been the in 
vivo transfection of a tumor with a foreign MHC gene. In syngeneic animal 
models, Plautz et al. (5) reported the regression of established sc tumors by the 
intratumoral inoculation of an allogeneic MHC class I gene using DNA 
complexed with liposomes. They found that the tumor expressed the alloanti- 
gen and induced a cellular response not only to the alloantigen but also to 
parental tumor antigens. Presumably, the allogeneic response engendered a 
local tumor milieu conducive to the upregulation of tumor antigen sensitiza- 
tion. These observations led to clinical studies to evaluate the toxicity, immu- 
nologic responses, and antitumor responses of intratumoral inoculation of 
melanoma nodules with an allogeneic MHC class I gene complexed with lipo- 
somes (6). Transgene expression by tumor cells was observed in the majority 
of patients treated. This was associated with an influx of tumor-infiltrating 
lymphocytes. In a small subgroup of patients, tumor regression of the injected 
nodules was observed. 

1.2.2. Genetically Modified Tumor Cell Vaccines 

The use of tumor cells (either whole or lysates) plus the admixture of an 
immune adjuvant has been the traditional approach to generate cellular 
responses to TAAs. The tumor cells (either autologous or allogeneic) provide 
the source of antigens and the adjuvant elicits a local microenvironment con- 
ducive to antigen processing and presentation to host lymphoid cells. The avail- 
ability of molecular tools to introduce genes into cells has provided alternate 
means of providing the adjuvant. There have been numerous reports involving 
animal models in which tumor cells are genetically altered with immuno- 
stimulatory genes ex vivo and then reintroduced to normal, syngeneic hosts in 
which the transduced tumor cells fail to grow. On subsequent challenge with 
parental tumor cells, these animals are found to be immune and reject the chal- 
lenge inoculum. 

The list of immunostimulatory genes is extensive, with cytokines being the 
more common adjuvants examined. Several review articles summarize this 
topic (7,8). In comparative studies of genetically modified tumor cell vaccines, 
granulocyte macrophage colony-stimulating factor (GM-CSF) appears to be 
one of the more potent cytokines in promoting T-cell responses to tumor anti- 
gen (9,10). The utility of GM-CSF as an adjuvant is postulated to be owing to 
its role in causing an infiltration of DCs into the site of vaccination, thereby 
promoting antigen processing and presentation. Other cytokines appear to have 
different mechanisms of action. Restifo et al. (11) reported that tumor cells 
transduced to secrete interferon-y result in enhanced MHC expression as well 
as increased ability of the tumor cell to present antigen to lymphoid cells, mak- 
ing these genetically altered tumor cells "nonprofessional" APCs. Besides 
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cytokines, numerous immunomodulatory genes have been introduced into 
tumor cells to enhance immunogenicity. These include costimulatory mol- 
ecules (i.e., B7.1), MHC molecules, adhesion molecules, and foreign proteins. 
Many of these models have helped increase our understanding regarding the 
mechanisms involved in the induction of antitumor immunity. 

1.2.3. Genetically Altered Fibroblasts as Vaccines 

A major impediment in generating tumor cells transduced with 
immunostimulatory genes for clinical therapy is the difficulty in establishing 
stable cultures from human tumors. Human melanoma tumor cultures are rela- 
tively easy to establish compared with, e.g., breast and colorectal cancer 
tumors. An alternative for clinical application is to establish fibroblast cultures 
from individual patients using skin biopsies. Fibroblasts are readily able to 
grow in culture and can be transfected with immunostimulatory genes. In ani- 
mal studies, fibroblasts transduced to secrete interleukin-12 (IL-12) have been 
inoculated at sites of established tumor with resultant tumor regression (12). 
More commonly, genetically altered fibroblasts that secrete cytokines have 
been admixed with tumor cells and utilized as effective vaccines (13,14). Sys- 
temic immunity against a challenge of parental tumor cells can be established 
in this manner. Allogeneic fibroblasts have been used in a similar manner with 
effective adjuvant effect. We have noted that syngeneic transduced fibroblasts 
appear to be superior to allogeneic fibroblasts in the paracrine delivery of adju- 
vant cytokines (75). 

1.2.4. Genetically Altered DCs as Vaccines 

DCs are considered to be the most potent APCs in the immune response. 
These cells process antigens and present them to lymphoid cells in association 
with MHC molecules. DCs play a central role in the induction of antigen- 
specific B- and T-cells. Several animal studies have demonstrated that the in 
vitro "pulsing" of DCs with tumor antigen in the form of whole tumor cells, 
tumor lysates, or tumor peptides generates DCs capable of priming naive 
T-cells (16-18). The id or iv inoculation of DCs has been reported to result in 
the regression of established murine tumors (19). In clinical studies, investiga- 
tors have reported that the iv or intranodal inoculation of antigen-pulsed DCs 
has resulted in regressions of metastatic tumors in patients (20,21). 

Methods to enhance the therapeutic efficacy of DCs include gene modifica- 
tion. Liposomal transfection, retroviral gene transfer, and the gene gun have 
been used to modify DCs successfully. Genes encoding tumor antigens have 
been transferred successfully into DCs to enhance their ability to sensitize lym- 
phoid cells (22-25). Reeves et al. (25) retrovirally transduced human DC with 
the melanoma TAA, MART-1. These DCs were able to elicit antigen-specific 
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cytotoxic T-lymphocytes (CTLs) and stimulate greater levels of cytokine 
release by MART- 1 -specific TIL. In an in vivo murine model, Ribas et al. (26) 
demonstrated the superior induction of immunity with MART- 1 -transduced 
murine DCs compared with that of tumor cells expressing MART-1 as a vaccine. 

1.3. Gene Gun Technology 

The gene gun offers a useful method to introduce DNA or RNA into cells 
without the need of viral vectors. In 1987, Klein et al. (27) were the first to 
report using a "particle gun" to accelerate RNA or DNA attached to tungsten 
microprojectiles into intact epidermal cells of an onion. The microprojectiles 
were 4 urn and could be applied to a 1-cm 2 area where about 90% of the cells 
were found to contain the particles. Expression of the RNA or DNA was 
observed, and this method was proposed as an easy and rapid way of introduc- 
ing nucleic acids into plant cells. In 1992, the first application of the gene gun 
to immunize animals to foreign protein was reported by Tang et al (28). In this 
study, mice were bombarded in the skin with gold microprojectiles coated with 
plasmids encoding human growth hormone or human a 1 -antitrypsin. Antibod- 
ies to both foreign proteins could be detected, which was boosted by a subse- 
quent treatment with the gene gun. Furthermore, direct injection of the plasmid 
into the skin was not effective in eliciting an antibody response. Tang et al. 
(28) proposed that this technique may provide a tool for manipulating the 
immune response. 

The technology of "biolistics" has improved over time and its application in 
a wide range of biologic systems has been reported (29). It is not only appli- 
cable to transfecting skin in vivo but also visceral organs such as the pancreas 
and liver. Microscopic gold particles ranging from approx <1 to 3 um are typi- 
cally utilized as microprojectiles. Using submicrogram quantities of DNA, 
thousands to tens of thousands of DNA copies can be delivered into cells in 
vivo. Single or multiple gene constructs can be delivered simultaneously in 
appropriate molar ratios. It takes only 5 s to complete a single transfection. 
Sequential application to the same targeted tissue in vivo can be employed to 
give multiple doses of genetic material. In addition to in vivo applications, the 
gene gun technology is useful to transfection of tissue explants, cell clumps, 
organoids, or other cultured cells such as tumor cells. Cells do not need to be 
actively proliferating for particle-mediated gene gun delivery. Cells of the myeloid 
lineage (i.e., T-cells, stem cells, macrophages), which are notoriously difficult 
to transfect by viral vectors, can be transfected with the gene gun for transient 
gene expression (30-32). Gene expression lasts for a relatively short period rang- 
ing from 7 to 10 d. For immunologic modulation, this often is all that is required. 

The mechanisms involved in the induction of both humoral and cellular 
T-cell responses by genetic immunization of the skin with the gene gun has 
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been examined experimentally. When DNA vaccines are administered by gene 
gun bombardment of the skin, the majority of the plasmid is taken up by 
keratinocytes as well as APCs. The relative contribution of these two cell popu- 
lations in the development of primary and memory immunity has been exam- 
ined. Among the APCs in the epidermis, there are resident Langerhans cells as 
well as migratory cells from the bone marrow. From several studies, it appears 
that DCs (both Langerhans cells and bone marrow-derived DCs) that are trans- 
fected at the site of gene gun administration play a key role in the induction of 
immunity. These transfected cells rapidly migrate to the draining lymph nodes 
where cross-presentation of antigen to CD8 + T-cells occurs (33). These migra- 
tory transfected DCs alone are responsible for immunologic memory (34). The 
role of the nonmigratory transfected keratinocytes that express antigen is mini- 
mal, as demonstrated by grafting of skin vaccine sites to naive recipients ( 24 h 
after gene gun treatment when migratory cells have left the skin site (35). 

2. Materials 

1. Ultrapure nitrogen gas. 

2. Helium gas (bone dry). 

3. 0.05 M Spermidine (Sigma, St. Louis, MO). 

4. lMCaCL, (Sigma). 

5. Absolute ethanol (anhydrous). 

6. Isopropanol (anhydrous) (Sigma). 

7. Polyvinylpyrrolidone (PVP) (Sigma). 

8. Tefzel tubing (id, 0.93 in.; od, 1/8 in.) (McMaster-Carr, Elmhurst, IL). 

9. Gold particles (1-3 ^m) (Bio-Rad, Hercules, CA, or Aldrich, Milwaukee, WI). 

10. Microcentrifuge tubes (1.5 mL), 5- to 10-mL capped tubes, and 10-cc syringe. 

1 1 . Culture media appropriate to the cells being transfected. 

12. Sterile 50-mL conical tubes. 

13. Sterile 35-mm tissue culture dishes. 

14. Sterile pipets (5 mL); 20-, 200-, and 1000-fiL pipettors with sterilized tips. 

15. Large orifice universal pipet tips (200 [iL). 

16. Gene gun. 

17. Tubing prep station (tube turner) and tubing cutter (Bio-Rad). 

18. Vortex mixer. 

19. Ultrasonic water bath. 

20. Analytical balance. 

21. Microcentrifuge. 

3. Methods 

3. 1. Preparation of Gene Gun Cartridges 

In this method, plasmid DNA is attached to gold particles and coated onto 
the inner wall of Tefzel tubing. The following steps describe a generalized 
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method that will work for most protocols, but it is recommended that the trans- 
fection efficiency be optimized, varying sizes of gold particles, loading rates, 
and DNA/gold particle ratios (see Note 1). 

1. Before starting, insert a length of Tefzel tubing into the tube turner apparatus. 
The tubing should be approx 3 in. longer than the tube turner. Purge the tubing 
for 1 h with 1.0 liter per minute (LPM) of nitrogen. 

2. Weigh out 25 mg of gold (1- to 3-p.m particle size) into a 1.5-mLmicrofuge tube, 
add 100 [iL of 0.05 M spermidine, and sonicate briefly (5-10 s) in a ultrasonic 
water bath. After sonication, add 75 p,g of DNA (3 p,g of DNA/mg of gold) and 
vortex briefly. The spermidine/DNA mix should be no greater than 200 [iL; if 
necessary, concentrate the DNA prior to making the prep. 

3. Dropwise add 100 [iL of 1 M CaCl 2 to the DNA/spermidine while vortexing, and 
allow the mixture to precipitate for 10 min. Flick the tube to get any residual gold 
particles off the sides and allow to precipitate an additional 10 min. 

4. Centrifuge briefly and remove the clear liquid supernatant. Wash the DNA/gold 
pellet twice with 1 mL of absolute ethanol (anhydrous), and then wash once with 
1 mL of isopropanol (anhydrous). With each wash vortex the mixture and centri- 
fuge briefly to pellet the DNA/gold. 

5. After washing, bring up the DNA/gold in 3.5 mL of isopropanol and place in a 
5- to 10-mL capped tube. For in vivo transfections, the isopropanol should con- 
tain 0.1 mg/mLof PVP. 

6. Briefly (5-10 s) sonicate the gold/DNA isopropanol slurry and mix well by shak- 
ing. Attach a 10-mL syringe to the purged length of tefzel tubing, and draw up 
the mixture into the tubing. Place in the tube turner and let settle for 5 min. 

7. Remove the isopropanol by drawing very slowly with the syringe. Switch on the 
tube turning apparatus to 10 rpm and immediately turn on nitrogen gas to 1.5 LPM. 
Purge with nitrogen for 8 min while turning. 

8. Using a razor or a Bio-Rad tubing cutter, slice the tubing into 0.5-in. cartridges. Store 
the cartridge tubes in an airtight vial at -20C C C, preferably desiccated. There are 
commercially available desiccant pellets that can be placed in the vials (United Des- 
iccants, Belen, NM). Alternatively, purge the vial with nitrogen gas before sealing. 

3.2. In Vitro and Ex Vivo Transfection of Cultured Cells 

Proper assembly of the gene gun to the helium and electrical service may 
vary; therefore, refer to the manual supplied by the manufacturer. To optimize 
the helium pressures used to transfect the cells, transfect different samples in a 
stepwise fashion starting at 100 psi and increasing in increments of 50-400 psi. 
Generally, 200-300 psi is best for cell transfections. Green fluorescent protein, 
luciferase, or (3-galactosidase plasmids are excellent reporter genes for opti- 
mizing the specific transfection protocol. In addition, it is important to try dif- 
ferent particle loading rates (between 0.25 and 0.5 mg of gold/cartridge) and 
DNA to gold ratios (between 0.5 and 5 ixg of DNA/mg of gold). 
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1. Make a suspension of the cells to be transfected of between 50 and 250 million 
cells per milliliter of culture media and store on ice. The actual number of cells 
transfected at these concentrations is between 1 x 10 6 and 5 x 10 6 cells in a 20- uL vol. 

2. For ex vivo vaccine, irradiate the cells before transfection (3500-10,000 rad), 
depending on cell types and applications. 

3. Transfections should be performed in a sterile tissue culture hood. It is helpful to 
clamp the gene gun to a large ring stand with the barrel pointing down. Using a 
large orifice pipet tip, plate a 20-uL vol of cell suspension in a 1.5-cm circle on 
the center of a 35-mm culture dish. It is useful to draw a 1.5-cm circle with a 
marker on the hood surface as a guide (a dime is about the right size). Hold the 
35-mm culture dish firmly against the gene gun barrel with the cells centered and 
press the discharge button (200-300 psi). 

4. For ex vivo vaccination, add 1 mL of media with a 5-mL pipet, gently suspend 
the cells in the media by tapping the dish, and collect the cell suspension into a 
50-mL sterile conical tube. Wash the plate with a second 1-mL vol of culture 
media and collect in the 50-mL tube. Before vaccine injection, wash the cells 
twice with sterile phosphate-buffered saline. 

3.3. In Vivo Transfection 

Optimize the helium pressures used to transfect tissues. Transfect different 
samples in a stepwise fashion starting at 200 psi and increasing in increments 
of 50-500 psi. Generally, between 300 and 500 psi is the best range for in vivo 
transfections. Like ex vivo transfection, plasmids encoding green fluorescent 
protein, luciferase, or (3-galactosidase are excellent for optimizing transfection 
efficiencies. Different particle loading rates and DNA to gold ratios described 
for ex vivo transfection should also be used to optimize in vivo transfection 
efficiency. 

1. For skin transfections, remove hair from the area of transfection with electric 
clippers. DNA penetration of living tissues via gene gun is limited to the first 
10 cell layers depending on the tissue being transfected and helium pressure. 

2. Hold the tip of the gene gun firmly against the skin and discharge the gun 
(300-500 psi). Wearing ear and eye protection is recommended when higher pres- 
sures are used. (The gene gun is adaptable for transfection of internal organs or 
tissues.) 

3.4. Examples 

3.4.1. Example of In Vivo Cytokine Gene Treatment 

of Established sc Tumor with Gene Gun Technology (from ref . 36) 

GM-CSF plasmid was bombarded onto skin overlying implanted sc tumor 
nodules in mice. Prior to performing these experiments, the conditions of 
DNA delivery to normal skin were optimized. Gold particles of 0.6-, 1.0-, and 
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1.6-u.m particles were superior. In subsequent studies, the amount of DNA 
(1.0-2.0 u.g/mL) and pressure (200-500 psi) used to project the DNA/gold 
particles was evaluated (Table 1). Transgeneic GM-CSF protein was measured 
24 h after particle bombardment by enzyme-linked immunosorbent assay 
(ELISA) with proteins extracted from minced specimens. As shown in Table 1, 
optimal skin transfection was observed with 1.6-jxm particles, coated with 
2.0 ug/mL of DNA, and projected at 300 psi. This demonstrates that optimiz- 
ing the conditions of transfection for each experimental model is necessary to 
achieve maximal gene expression. 

Subsequent in vivo transfection of growing sc tumors revealed diminished 
growth compared with controls, but no complete regressions of tumor. Trans- 
fection appeared to be confined to the skin overlying the tumor. Significant 
induction of tumor-reactive T-cells in the tumor-draining lymph nodes was 
observed, and the GM-CSF was found to enhance this sensitization. 

3.4.2. Example of In Vivo TAA Gene Transfection of Skin Combined 
with Cytokine Gene for Tumor Immunization (from ref. 37) 

As reviewed in Subheading 1., genetic immunization with genes encoding 
TAAs is being examined for potential clinical applications. In animal models, 
the gene gun has been used to induce immunity to human TAAs. In this 
example, the E6 oncoprotein of human papillomavirus was used as a TAA for 
genetic immunization. Papillomaviruses are involved in the cellular transfor- 
mation leading to the growth of certain cervical cancers. In addition, the 
cytokine gene for murine IL-12 was utilized in cotransfection studies. IL-12 
has been reported to be a potent immune adjuvant in the setting of antitumor 
vaccines. 

A plasmid encoding for E6 and human factor IX (hFIX) was constructed 
and called pvRE6hFIX (37). hFIX was included as a marker protein that could 
be assayed by ELISA. Vaccination using the gene gun with pvRE6hFIX with 
or without mIL-12 gene was performed twice to the abdominal skin of mice 
spaced 1 or 2 wk apart. Approximately 1 wk after the last vaccination, spleno- 
cytes were harvested for assessment of functional antitumor reactivity, and 
mice were challenged with syngeneic Renca tumor transfected to express 
E6-E7 protein. As shown in Fig. 2, vaccination with E6hFIX plasmid resulted 
in CTLs in the spleen that were specific for E6-E7-expressing tumor cells 
(Fig. 2A,B). Cotransfection with mIL-12 gene enhanced the CTL generation 
(Fig. 2C). Figure 3 shows challenge with E6-E7-expressing tumor cells (Fig. 3A) 
and parental tumor cells (Fig. 3B). Vaccination with E6hFIX or IL-12 resulted 
in protection of a small percentage of animals that were free of tumor. By 
contrast, cotransfection with E6hFIX and IL-12 genes resulted in significant 
antitumor immunity that appeared synergistic. The antitumor response was 
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Table 1 

GM-CSF Transgenic Protein Expression 

by Skin After Gene Gun Application 

GM-CSF expression with varying psi fl 



size (\i) 


((xg/mL) 


200 


300 


400 


500 


1.0 


1.0 


3.3 (2.4) 


41.3(5.8) 


20.3 (9.6) 


13.8(3.1) 




2.0 


10.3 (9.5) 


31.0(2.4) 


17.2 (0.5) 


20.3 (3.2) 




3.0 


1.5 (0.3) 


14.8 (7.5) 


15.2 (0.4) 


13.4(3.3) 


1.6 


1.0 


8.5 (0) 


28.3 (3.5) 


53.7 (20.4) 


63.6(0.1) 




2.0 


10.1 (3.1) 


74.7 (8.8) 


29.9 (3.4) 


28.6 (6.4) 




3.0 


7.0 (0.4) 


29.0(10.0) 


17.8 (3.8) 


42.7 (20.0) 



"Skin was excised 24 h after gene gun application and GM-CSF production assayed as 
described in Subheading 3. Values represent mean nanograms/milliliter (SD) from triplicate 
skin samples, psi, pounds per square inch of gold particle pressure. The maximal GM-CSF 
expression is underlined. 



owing to induction of E6 immunity because parental tumor challenge resulted 
in tumor growth in the majority of animals receiving the genetic immunizations. 

These studies illustrate the relative ease of performing in vivo transfections 
of two genes at the same time. They also demonstrate how two different immu- 
nostimulatory genes (i.e., TAA and cytokine) can interact to enhance anti- 
tumor immunity. 

3.4.3. Example of In Vitro Cytokine Gene Transfection of Tumor Cells 
Utilizing the Gene Gun 

As reviewed in Subheading 1., another approach to developing vaccines 
for cancer therapy is to genetically modify tumor cells ex vivo with immu- 
nostimulatory genes. These cells can then be used as vaccines to induce host 
immunity. We present here an example of genetically modifying tumor cells to 
secrete GM-CSF with the use of the gene gun. The D5 murine melanoma is an 
established tumor cell line that has been characterized by our laboratory as 
poorly immunogenic (10). Utilizing the methods described herein, the D5 cells 
were transfected at different conditions with a plasmid encoding for murine 
GM-CSF (36). After transfection, the cells were plated into 2-mL wells and 
culture supernatants harvested 24 h later for GM-CSF quantification. As shown 
in Fig. 4, the conditions of transfection dramatically influenced the expression 
of transgenic protein. Optimal conditions were obtained with \-\im particles at 
a DNA loading rate of 2 u,g of DNA/mg of gold. Bombardment of particles at 
200 psi was better than at 100 psi. The level of gene expression was excellent 
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Fig. 2. Vaccination with pVRE6hFIX DNA results in E6-specific CTLs, and the E6 
CTL is potentiated by cotransfection with the IL-12 cDNA vector. Splenocytes were 
prepared from mice after two immunizations. 51 Cr release assays were performed after 
in vitro restimulation with irradiated E6-E7 Renca cells for 5 d. The target cells used 
for the assays were E6-E7 Renca (A,C) and Renca (B,D). 



under these conditions with GM-CSF production in the range of 60,000 pg/ 
(mL-24 h). The duration of transgenic GM-CSF was documented to be present 
for at least 4 d after the transfected cells were irradiated (Fig. 5). 

4. Notes 

1 . The presence of moisture is a major problem when producing gene gun cartridges. 
It is extremely important when making gene gun cartridges that both the ethanol 
and isopropanol be anhydrous. Another source of moisture is the nitrogen gas 
used to dry the tubes. Always use ultrapure (bone-dry) nitrogen gas. If the tubing 
is not coated uniformly, the presence of moisture is the most likely cause. It is not 
unusual to get imperfectly coated tubing. Whereas clumping or uncoated sections 
of tubing is unacceptable, some streaking and banding usually cause little harm. 
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Fig. 3. Skin transfection with an E6 expression vector elicits an E6-specific antitu- 
mor immune response that is greatly enhanced by cotransfection of the IL-12 cDNA 
vector. A total of 2 x 10 5 of either (A) E6-E7 Renca cells or (B) parental Renca cells 
(E6-negative) were inoculated subcutaneously. Data are expressed as the percentage 
of tumor-free animals. 
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Fig. 4. In vitro gene transfection of D5 melanoma cells with GM-CSF cDNA. Trans- 
fection conditions, which were varied, included bombardment pressure (psi), particle 
size (0.6 vs 1.0 (xm), and DNA loading rate ([ig DNA/mg gold). 



2. Smaller sizes of gold particles give more uniform tubing but less penetration of 
DNA/gold into cells and tissues. 

3. Irradiation (5000 rad) of the Tefzel tube prior to coating with gold/DNA can 
produce markedly better cartridges. Irradiation applies a charge to the inner wall 
of the tube and results in more even coating. 

4. Most of the materials needed to make gene gun cartridges can be obtained from 
Bio-Rad, including an optimization kit. 
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Role of Cytokines in Pathology of Melanoma and 
Use of Biologic Response Modifiers in Melanoma 

Joseph I. Clark 



1. Introduction 

Growth of normal cells is regulated by polypeptides that act via specific 
cellular receptors. Otherwise known as cytokines, these substances include the 
growth factors that modulate the proliferation of nonimmune cells. Lymphok- 
ines or cytokines, on the other hand, are involved in the regulation of immune 
cells. Advances in the last 15 yr have shown that alterations in cytokines and 
their receptors may play a central role in the uncontrolled proliferation of 
tumor cells in vitro, and such cytokine aberrations are possibly responsible for 
regulation of tumor growth in vivo. 

A useful approach for studying the predominant in vivo effects of cytokines 
on melanoma cells is to analyze the growth properties and immune response to 
transplanted tumor cells overexpressing a cytokine gene or via exogenous 
addition of these cytokines to cell culture. In this setting, cytokines such as 
melanoma growth-stimulatory activity (MGSA) and interleukin-8 (IL-8), and 
growth factors including basic fibroblast growth factor (bFGF), epidermal growth 
factor (EGF)/transforming growth factor-a (TGF-a), TGF-(3, nerve growth factor 
(NGF), hepatocyte growth factor (HGF), and insulin-like growth factor- 1 (IGF-1) 
are known to stimulate growth and proliferation of melanoma cells. IL-10 is 
known to dampen the immune response. IL-10 mRNA is overexpressed by 
melanoma cell lines in vitro, which may in turn allow for the tumorigenicity of 
melanoma in vivo. The growth factor granulocyte macrophage colony-stimu- 
lating factor (GM-CSF) and a multitude of cytokines including interferon- 
(IFN-a), IFN-(3, and IFN-y; IL-la, IL-1(3, IL-2, IL-6, IL-12, and IL-15; and 
tumor necrosis factor-a (TNF-a) induce an inhibitory effect on growth and 
progression of cutaneous melanoma. 
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The clinical utility of various cytokines in the IL and IFN families (IL-2, 
INF-a) and growth factors such as GM-CSF has been investigated in the treat- 
ment of malignant melanoma and proven efficacious in limited instances. 
Ongoing and future investigations will undoubtedly expand on this small but 
solid base. 

2. Stimulatory Cytokines and Growth Factors 

2.1. Cytokine Modes of Action 

Many cytokines have been found to act in a proliferative manner on mela- 
noma tumors. These substances are produced either by the tumor cells them- 
selves or by infiltrating host cells. The various modes of cell regulation induced 
by cytokines and/or growth factors include endocrine cell regulation, in which 
cytokines are brought through blood vessels into the circulation and act at a 
distant site. In the case of paracrine growth regulation, the action of the cytokine 
is local, whereby the producer cell affects neighboring cells by secreting the 
particular protein, which binds to specific receptors. Tumor cells mainly uti- 
lize the autocrine mechanism of growth; that is, they have the ability to pro- 
duce cytokines with growth-stimulatory properties while expressing specific 
receptors for these same cytokines. In this manner, tumor cells induce an 
autostimulatory feedback mechanism designated as autocrine growth. Two 
other cytokine-mediated autostimulatory pathways have been described: the 
intracrine pathway describes when the cytokine interacts intracellularly with 
the receptor; The juxtacrine pathway delineates when the cytokine does not 
leave the producing cell, but may interact with the receptor on the cell membrane. 

2.2. Cytokines and Malignant Potential of Melanoma 

The effects of growth factors and cytokines on tumor growth in vivo are 
extremely complex. Cell culture systems have been developed to understand 
better the regulation of tumor cells by these various substances. Questions to 
be considered include: By what mechanisms are melanoma cells able to escape 
from growth control? and Do melanoma cells have an altered production and/ 
or response to growth-regulatory cytokines or growth factors? 

In vitro experiments reveal that production of autocrine growth factors is 
involved in the abnormal growth regulation of melanoma cells. Metastatic 
melanoma cells do not require mitogens for growth in culture because condi- 
tioned medium from melanoma cells possesses mitogenic properties (7) . The 
stimulatory effect of conditioned medium is probably mediated through sev- 
eral substances, because melanoma cells constitutively express multiple growth 
factors (2). Several of these growth factors and cytokines have been deter- 
mined to be associated with the growth of melanoma. Table 1 summarizes the 
most important of these factors. 
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Table 1 

Stimulatory Cytokines and Growth Factors 3 



Factor 



Reference 



Effect 



MGSA 



IL-8 



HGF 



IGF-1 



3-8 



9-13 



bFGF 


17,19-22,24 


EGF/TGF-a 


5,24,26-28 


TGF-p 


24,27 


NGF 


24,31,32,35 



36,37 



28 



Autocrine growth factor; produced by 

nevus cells and melanoma cells; 

stimulates proliferation of melanoma 

cells and melanocytes 
Essential autocrine growth factor for 

melanoma cells; integral in melanoma 

progression and metastatic spread 
Autocrine growth factor; produced by 

melanoma cells but not melanocytes 
Important in growth regulation of 

melanoma cells 
Varies in effect from none to cell 

proliferation 
Increases melanoma cell survival; may 

increase melanoma cell numbers 

in vitro 
Mitogenic for melanocytes; stimulates 

metastatic melanoma cell lines; may 

have role in melanoma proliferation 
Stimulates proliferation of melanoma cells 

in vitro. 



"MGSA, melanoma growth stimulatory activity; IL, interleukin; bFGF, basic fibroblast 
growth factor; EGF, epidermal growth factor; TGF, transforming growth factor; NGF, nerve 
growth factor; HGF, hepatocyte growth factor; IGF, insulin-like growth factor. 



2.2.1. Melanoma Growth-Stimulatory Activity 

MGSA has been shown to have 50% homology with IL-8 and is regarded as 
an autocrine growth factor for melanoma cells (3). Melanoma cells express 
transcripts for MGSA (4,5); it is produced by both nevus cells and melanoma 
cells and stimulates the proliferation of melanoma cells as well as melanocytes 
(6, 7). Evidence for an autocrine growth loop for MGSA is demonstrated by the 
investigations by Lawson et al. (8), which showed that antibodies against 
MGSA inhibited the autonomous growth of melanoma cells in vitro. 

2.2.2. lnterleukin-8 

Using reverse transcriptase polymerase chain reaction (RT-PCR) analysis, 
simultaneous expression of several cytokines, including IL-8, by melanoma 
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cells has been described (9). In these experiments, mRNA for IL-8 was found 
more or less in all 13 melanoma cell lines tested. Others have described IL-8 
mRNA production either constitutively (10,11) or on IL-1 stimulation (12). 
IL-8 has been identified as an essential autocrine growth factor for human 
malignant melanoma cells (11,13). In a study by Shadendorf et al. (11), block- 
ade of autocrine-produced IL-8 either at the mRNA level by antisense oligo- 
nucleotides or at the protein level by monoclonal antibodies (MAbs) resulted 
in inhibition of cell proliferation and colony formation. Besides its growth- 
promoting activity on melanoma cells, IL-8 acts as an immunostimulator by its 
chemotactic activity for neutrophils (14) and T-lymphocytes (75). In addition, 
IL-8 can induce haptotactic migration of melanoma cells and thereby increase 
their motility (16). 

2.2.3. Basic Fibroblast Growth Factor 

A prototypical autocrine growth factor for melanoma cells is bFGF. This 
growth factor is a natural mitogen for melanocytes that is found in extracts 
from keratinocytes (17). It supports melanogenesis by influencing the commit- 
ment of neural crest-derived avian embryo cells toward transformation into 
melanocytes (18). Yet, bFGF is produced by malignant melanoma cells and 
not by melanocytes (19). As described for IL-8, evidence for the existence of 
an autocrine loop for melanoma cells is given by the fact that proliferation of 
these cells is inhibited by antisense oligonucleotides targeted against bFGF 
and its receptor (20,21). Activation of transmembrane receptor kinases in mel- 
anocytes stimulates not only proliferation but also the expression of pigmenta- 
tion (22). Others have described the transformation of murine melanocytes with 
the bFGF gene resulting in autonomous growth of these cells in culture (23). 

Krasagakis et al. (24) reported their investigation of growth regulation of 
melanoma cells and melanocytes by bFGF, in which they cultivated melano- 
cytes in a serum-free growth factor-reduced melanocyte medium. Melanoma 
cells were maintained in a similar medium. Both cell types were stimulated by 
this exogenous growth factor, but the growth stimulation of melanoma cells 
was less prominent than that of the melanocytes. Perhaps this inferior stimula- 
tion was owing to the presence of autocrine production of bFGF by melanoma 
cells. This conclusion was supported by the finding that exogenous bFGF had no 
effect on logarithmically growing dense monolayers of melanoma cell lines (24). 

2.2.4. Epidermal Growth Factor/Transforming Growth Factor-a 

The EGF/TGF-a system is considered important in the growth regulation of 
melanoma cells, based on support from several lines of evidence. Both of these 
substances maintain similar properties and bind to the same cellular receptor, 
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designated the EGF receptor (25). Nevertheless, TGF-a is produced by mela- 
noma cells but not melanocytes (26,27). 

The EGF receptor is expressed on melanoma cells either in its normal form 
or in a truncated form, otherwise identified as the protein product of the c-erb-B2 
oncogene (5). It has been reported that metastatic melanoma cells, but not pri- 
mary melanoma cells nor normal melanocytes, respond to EGF (24,28). When 
added to cell cultures at varying doses, exogenous EGF had no effect on mel- 
anocyte cell culture yet led to dose-dependent stimulation of metastatic mela- 
noma cells in sparse monolayers. When EGF was added in dense monolayers 
of logarithmically growing cultures, no stimulation of proliferation in any cell 
line was observed (24). By contrast, blockade of the EGF receptor by MAbs 
specific for this receptor did not influence melanoma cell growth (2). Specula- 
tion therefore arises that an intracrine loop may exist allowing intracellular 
binding of EGF/TGF-a to the EGF-receptor. 

2.2.5. Transforming Growth Factor-^ 

Three forms of TGF-(3 are known to exist in mammalian species: TGF-(3j, 
TGF-(3 2 , and TGF-|3 3 . All three have similar functions and bind to the same 
class of receptors (29). Both melanocytes and melanoma cells produce mRNA 
for all three forms, and the TGF-(3 protein is secreted into the culture superna- 
tant as described by Albino et al. (27). 

Considerable differences in the in vitro response of normal melanocytes and 
malignant melanoma cells to TGF-(3 have been observed (24). Human melano- 
cytes are strongly inhibited by exogenous TGF-|3. By contrast, melanoma cells 
escape growth inhibition, leading to no effect, and in some cases undergo cell 
proliferation when this cytokine is added to cell cultures (24). Similar findings 
describing altered sensitivity of minimally and highly metastatic melanoma 
cells to TGF-(3 have been reported in the murine system (30). 

2.2.6. Nerve Growth Factor 

NGF is important for differentiation and survival of sympathetic and sen- 
sory neurons. Its role in human melanoma, as well as the role of other growth 
factors such as HGF and IGF-1, is less well understood. Much like EGF, high 
levels of NGF receptors are expressed on metastatic melanoma cells (31,32). 
Low levels of this receptor are expressed on primary melanoma cells and 
melanocytes. Upregulation of the NGF receptor can be induced by exposure to 
12-O-tetradecanoylphorbolacetate, a tumor promoter, or to ultraviolet radia- 
tion (33,34). Under certain conditions, NGF may increase melanoma cell num- 
bers and proliferation in vitro (24,35). However, NGF mainly increases 
melanoma cell survival (34). 
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2.2.7. Hepatocyte Growth Factor 

It has been reported that HGF is mitogenic for melanocytes in the presence 
of bFGF or mast cell growth factor (36). c-Met and c-Kit, the receptors for 
HGF, are, in contrast to the bFGF receptor, not constitutively activated in mela- 
noma cells (22). Nevertheless, several human metastatic melanoma cell lines 
have been shown to be stimulated by HGF, as judged by protein phosphoryla- 
tion, indicating that the receptor for this ligand continues to be expressed in 
transformed melanocytes and may have a role in melanoma proliferation, pos- 
sibly at predilected sites of metastasis. Preferential metastasis to the liver was 
shown to be the result of a melanoma growth factor produced by hepatocytes 
(37). It is possible that this growth factor was HGF. 

2.2.8. Insulin-Like Growth Factor-1 

Exogenous IGF-1 stimulates the proliferation of melanoma cells in vitro 
after binding to the IGF-1 receptor present on these cells (28). As of yet, no 
reports have described the production of IGF-1 by melanoma cells. 

2.2.9. lnterleukin-10 

IL-10 has been shown to dampen the immune response by downregulating 
the secretion of several cytokines by T-cells and monocytes (38-40) and by 
reducing antigen-specific activation of T-lymphocytes by diminishing antigen- 
presenting capacity of monocytes (41). Originally, IL-10 was found to be 
expressed by various normal and malignant cell types of hematopoietic origin 
(42). Others have reported the presence of IL-10 in other malignancies, includ- 
ing carcinomas such as ovarian carcinoma (43). Overexpression of IL-10 
mRNA and production of biologically active IL-10 protein has been observed 
in several melanoma cell lines (9,44,45). Melanocytes express IL-10 mRNA in 
vitro; however, levels are significantly lower than those observed in melanoma 
cells, and no IL-10 protein itself has been detected (9,44,45). In vivo, selective 
expression of IL-10 mRNA has been described in tissues of primary melano- 
mas and melanoma metastases in comparison to normal skin (9,45). The pro- 
duction of biologically active IL-10 by melanoma cell lines suggests that IL-10 
mRNA in melanoma lesions may derive, at least in part, from the tumor cells 
themselves. Tumor-infiltrating cells, however, could also be a source of IL-10 
in melanoma tissues. The biologic relevance of IL-10 by carcinoma cells 
remains poorly understood, but accumulating evidence from in vitro systems sup- 
ports an important role IL-10 may play not only in the suppression of T-cell- 
mediated responses leading to the postulated "paralysis" of an antimelanoma 
immune response, but also as an antiinflammatory mediator in vivo (46). 
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3. Inhibitory Cytokines and Growth Factors 

Pleiotropic cytokines and growth factors can have positive and negative ef- 
fects simultaneously on various steps of tumor progression. Preclinical investi- 
gations are relatively consistent in determining a stimulatory or inhibitory role 
of these proteins in cutaneous melanoma; however, on occasion, contradictory 
results have been reported. A few examples of such contradiction follow (Table 2). 

In 1998, Ladanyi et al. (47) reported on the effects of a panel of cytokines on 
the proliferation and type IV collagenase production in four melanoma cell 
lines of different origin, tumorigenicity, and metastatic capacity. TGF-(3, TNF-a, 
and, to a lesser extent, IL-la exhibited antiproliferative effects on the cell lines, 
with some lines showing varying degrees of resistance. The sensitivity did not 
correlate directly with the origin or the biologic behavior of the tumor lines, 
suggesting that cytokine resistance of advanced stage melanoma cells may be 
relative (47). On the contrary, IL-2, IL-10, and IL-12 displayed little or no 
effect on proliferation. Interestingly, those cytokines that exhibited the most 
pronounced antiproliferative activity also proved most effective in stimulating 
collagenase secretion, often simultaneously, in the same line (47). By contrast, 
it has been reported that although human melanocytes are strongly inhibited by 
exogenous TGF-(3, melanoma cells escape growth inhibition by this cytokine 
(24). As described above, the production of IL-10 by melanoma cells or within 
melanoma tissue may play an important role in immune tolerance by these 
malignant cells. Recombinant IL-2 possesses well-described potent antitumor 
activity in a number of murine tumor models, including cutaneous melanoma 
(48). Finally, in vitro and in vivo evaluation of IL-12 in malignant melanoma 
models demonstrates significant antitumor activity (49). 

3. 1. Granulocyte Macrophage Colony-Stimulating Factor 

Expression of GM-CSF mRNA has been described in numerous in vitro 
experiments of melanoma cell lines (9,50,51). Three of 13 melanoma cell lines 
and 4 of 7 melanocyte cultures investigated by Kruger-Krasagakes et al. (9) 
expressed GM-CSF mRNA. Two other melanoma cell line cultures were shown 
to produce GM-CSF mRNA and GM-CSF protein (50,51); however, no reports 
exist on the production of GM-CSF in melanocytes. It is well known that 
GM-CSF was originally described as promoting the differentiation and matu- 
ration of hematopoietic precursors to mature granulocytes, macrophages, and 
dendritic cells (52). Less well understood, but becoming clearer, are the bio- 
logic consequences of GM-CSF production by melanoma cells. 

The coexistence of regions of regression and progression observed in melanoma 
lesions indicates that the local microenvironment strongly influences the out- 



248 



Clark 



Table 2 

Inhibitory Cytokines and Growth Factors* 



Factor 



Reference 



Effect 



GM-CSF 



Interferons (IFN-cc, 
IFN-p, IFN-y) 



IL-la, IL-1(3 



IL-2 



IL-6 



IL-12 



IL-15 



9,50,51,54-56 Augments tumor antigen presentation 

by APCs; stimulates specific anti- 
tumor immunity by lymphocytes 
24,61-66 Inhibits cell proliferation; immune 

mediators enhance effector cell 
activity, upregulate tumor 
antigens and HLA class I and II 
antigens; anti-angiogenic 

2,9,10,50,67-75 Pleiotropic effects: directly augments 

or suppresses melanoma cell 
proliferation, i.e., enhances 
tumorigenicity and metastatic 
spread while causing 
immunostimulatory effects 
48,54,77 Potent immunostimulatory 

effects on cell-mediated 
immunity, both specific and 
nonspecific, leading to dramatic 
antitumor activity 

110,50,78-81,88 Both antiproliferative and 

growth-stimulatory effects, 
dependent on stage of melanoma 
progression; induces B-cell 
maturation and proliferation; 
induces T-cell maturation and 
cytotoxicity 
49,91 Promotes induction of a T H 1 

response; stimulates NK cells and 
CD8 + T-cells, leading to 
anti-tumor immunity 
54,93-95 Overexpressed in regressive primary 

human cutaneous melanoma 
samples; Important regulatory 
mechanism for T-cell 
recognition of melanoma cells 
possibly represented by expression 
in melanoma cells 
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Table 2 (continued) 

Factor Reference Effect 

TNF-a 9,10,66,72,96-99 Variable effects on melanoma: 

cytostatic; modulates cell-surface 
antigens and adhesion molecules; 
cytotoxic: suppresses local tumor 
growth; enhances metastasis 
formation; may enhance cell- 
mediated immunity at tumor site 

"GM-CSF, granulocyte macrophage colony-stimulating factor; APCs, antigen-presenting 
cells; IFN, interferon; HLA, human leukocyte antigen; IL, interleukin; NK, natural killer; TNF, 
tumor necrosis factor. 

come of this antitumor immune response (53). A complex network of interacting 
cytokines present in the local microenvironment critically influences the outcome 
of immune responses. Using RT-PCR and in situ hybridization, higher transcript 
levels for GM-CSF mRNA, among other cytokines, have been observed in 
regressive regions of primary human cutaneous melanoma samples (54). 

Immunologically mediated gene therapy approaches generally use the strat- 
egy of transfecting cDNAs encoding genetic material to the malignant cells to 
encode a particular gene product that is capable of augmenting the host 
immune responses against the developing tumor. The advantage of this 
approach is the production of high levels of specific cytokines secreted in the 
vicinity of the tumor without the associated toxicities observed with systemic 
cytokine administration. These locally high concentrations of cytokines in the 
tumor environment may modulate host immune responses in several ways, 
including the augmentation of tumor antigen presentation by professional 
antigen-presenting cells (APCs) and the activation of tumor-specific lympho- 
cytes. Immunization experiments with GM-CSF-transduced tumor cells have 
revealed an induction of long-lasting systemic immunity. Using a B16 mela- 
noma model, in which irradiated tumor cells alone did not stimulate significant 
antitumor immunity, Dranoff et al. (55) found that irradiated, retro virally trans- 
duced tumor cells expressing murine GM-CSF stimulated potent, long-lasting, 
and specific antitumor immunity, requiring both CD4 + and CD8 + cells. More- 
over, of the 10 molecules tested GM-CSF was the most potent stimulator of 
systemic antitumor immunity. The possibility that localized expression of 
GM-CSF by vaccinating cells might specifically enhance tumor-antigen pre- 
sentation by host APCs is compatible with the finding that both CD4 + and 
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CD8 + cells were required for the antitumor response, because B16 cells do not 
express detectable amounts of class II major histocompatibility complex 
(MHC) molecules, even after IFN-y treatment, and therefore are unlikely to be 
able to prime antigen-specific CD4 + cells (55). Using a similar technique, 
Armstrong et al. (56) evaluated the effect of melanoma-derived GM-CSF on 
the pathogenesis of cutaneous melanoma in a syngeneic, immunocompetent 
murine model system. These investigators demonstrated a dose response effect 
of tumor inhibition by melanoma-derived GM-CSF. Additionally, vaccination 
with irradiated GM-CSF-producing melanoma cells conferred optimal immu- 
nogenicity against a subsequent challenge with parental melanoma cells. 
Immunohistochemical studies performed on inoculation sites revealed the pres- 
ence of large numbers of dendritic cells, suggesting recruitment of these APCs 
in the vicinity of tumor cells expressing GM-CSF (56). 

3.2. Interferons (IFN-a, /FA/-(3, IFN^) 

IFNs are glycoproteins with diverse immunomodulatory effects on tumor 
cells (57-59). The mechanism of action includes both direct antiproliferative 
and immune-mediated effects via enhanced natural killer (NK) cell activity or 
upregulation of tumor antigens and/or human leukocyte antigen (HLA) class I 
and II antigens (57), and inhibition of angiogenesis induced by IFN-a (60). 

In vitro evaluation of these cytokines in the treatment of cultured human 
melanoma cells has demonstrated significant antiproliferative activity (24,61-65). 
Whereas some investigators have observed IFN-y to be the most potent of the 
interferons (61), others have demonstrated IFN-(3 to be more efficient than 
IFN-a, containing well-described antitumor activity in vivo, or IFN-y in inhib- 
iting melanoma cell proliferation (24,62-65). In fact, up to 56-80% of growth 
inhibition has been reported when melanoma cells have been cultured in the 
presence of these individual cytokines (24). 

The interferons are not produced directly by melanoma cells yet may be 
detected in tumor-involved lymph nodes in a human melanoma system. CD8 + 
T-cells can be isolated from tumor-infiltrating lymphocytes from human mela- 
noma, which are capable of producing type I cytokines, such as IFN-y and 
TNF-a, in an MHC class I-restricted and tumor-specific noncytolytic interac- 
tion with the autologous melanoma cells (66). Through these type I cytokines, 
"help" can then be provided for the process of generating as well as in main- 
taining an effective CD8 + cytotoxic T-lymphocyte response. In addition, 
recruitment of other effector cells such as NK cells, macrophages, and others 
to the tumor site may then ensue, leading to a potent cell-mediated antitumor 
response. 
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3.3 lnterleukin-1a and lnterleukin-1fi 

Several studies have reported on the constitutive production of either IL-la 
or IL-1(3 mRNA and protein by melanoma cell lines (Table 2) (2,9,10,50,67-69). 
The biologic effects of IL-1 secretion by melanoma cells are complex. In vitro, 
some investigators have reported that IL-1 directly augments or suppresses 
melanoma cell proliferation (67,70), whereas others have observed that IL-1 
inhibits the growth of both melanoma cells and melanocytes (71-73). In vivo, 
IL-1 exerts pleiotropic effects, and the role of melanoma-derived IL-1 is not 
altogether clear because it can either enhance or suppress tumorigenicity of 
melanoma cells. In one manner, IL-1 has been reported to induce systemic 
immune suppression in mice when administered via iv injection (74) and to 
enhance metastatic spread when coinjected with human melanoma cells in nude 
mice (75) . In support of the metastatic potentiation of IL- 1 , others have reported 
that melanoma-derived IL-1 mainly induces expression of intercellular adhe- 
sion molecule- 1 (ICAM-1) on melanoma cells, and that treatment of mela- 
noma cells with an anti-IL-1 antibody not only decreased the level of ICAM-1 
expression but also lowered their adherence to cultured endothelium (68). On 
the other hand, the secretion of IL-1 by melanoma cells could also act in an 
immunostimulatory fashion through its potential to activate other lymphoid 
cells, as has been observed in other tumor systems (76). 

3.4. lnterleukin-2 

Gene expression for the immunostimulatory molecule IL-2 in human mela- 
noma cell lines is often undetectable (9). Yet, other investigators have docu- 
mented the presence of IL-2 mRNA by RT-PCR and in situ hybridization and 
increased transcript levels for the cytokine IL-2, in combination with GM-CSF 
and IL-1 5, in samples from regressive primary human cutaneous melanomas 
(54). From these intriguing data, it can be hypothesized that cytokine combina- 
tions such as this may be relevant for experimental antitumor immune response 
studies and for immunotherapeutic and gene transfer studies in the treatment of 
melanoma patients. 

One such study by Vile and Hart (77) supports this concept. In this study, 
they transfected B16 melanoma cells in vitro with cDNAs encoding the 
5' flanking region of the murine tyrosinase gene with the murine IL-2 gene, 
allowing for a tissue-specific promoter to direct expression of the cytokine 
gene to the tumor cells. Expression of IL-2 in the murine melanoma cells com- 
pletely abrogated their tumorigenicity in syngeneic mice. Injection of these 
constructs into established tumors resulted in efficient expression of these 
cytokine genes, and, although alterations in growth rates were not observed, 



252 Clark 

these results suggest that direct genetic modification may be a feasible thera- 
peutic approach for patients with advanced melanoma. 

3.5. lnterleukin-6 

IL-6 mRNA is variably expressed by melanoma cell lines, but all cell lines 
that contain transcripts for IL-6 also produce biologically active IL-6 (9,10,50). 
By contrast, melanocyte cell cultures show a more homogeneous pattern of 
cytokine gene expression, although generally at lower levels than melanoma 
cells (9). 

Although IL-6 is inhibitory for melanocytes (73), both antiproliferative 
(78-80) and growth-stimulatory effects (81) have been reported on melanoma 
cells, depending on the stage of melanoma progression. When added to cell 
cultures containing melanoma cell lines, IL-6 enhances the antiproliferative 
effect of the potent inhibitory cytokines IL-1 and TNF-a (78). Melanoma cells 
derived from radial growth phase or early vertical growth phase are inhibited by 
IL-6 (79). By contrast, melanoma cells from advanced vertical growth phase 
lesions or metastasis are completely resistant to the IL-6-mediated growth inhi- 
bition. Subsequent work from the same group showed that endogenously pro- 
duced IL-6 in metastatic melanoma cells may serve as an autocrine stimulator (81). 

The role IL-6 plays in host antitumor responses is multifactorial and not 
completely defined. IL-6 appears to serve as an inducer of B-cell maturation 
and proliferation and of T-cell maturation and cytotoxicity (82,83). IL-6 has 
been shown to enhance directly the growth of B-cell lymphoma (84). It has 
well-described autocrine growth-stimulatory functions in multiple myeloma 
(85,86). By contrast, the administration of IL-6 to mice bearing fibrosarcomas 
or colon carcinomas has reduced tumor growth and metastatic colony forma- 
tion (87). Additionally, Sun et al. (88) have demonstrated decreased tumor 
growth in vivo by B16 melanoma cells transfected with the human IL-6 gene. 
Possible mechanisms for this effect included increased expression of receptor 
for matrix proteins and an apparent inhibition of neovascularization in the 
IL-6-transfected tumors. 

3.6. lnterleukin-12 

IL-1 2 is a disulfide-linked heterodimeric cytokine produced primarily by 
"professional" APCs such as macrophages and formerly termed NK cell- 
stimulatory factor or cytotoxic lymphocyte maturation factor (89,90). It is com- 
posed of light (p35) and heavy (p40) chains and binds to a receptor on T-cells 
and NK cells, promoting the induction of primarily a T H 1 response in vitro and 
in vivo. IL-12 has well-described antitumor activity in murine melanoma tumor 
models in vivo (49,91). 
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Among a number of murine tumor models studied by Brunda et al. (49), 
experimental pulmonary metastases or sc growth of the B16F10 melanoma 
was markedly reduced in mice treated intraperitoneally with IL-12, resulting in 
an increase in survival time. These investigators were able to demonstrate the 
critical role of CD8 + T-cells in mediating the IL-12-induced antitumor effects 
against sc tumors. 

Using a novel alternative approach to obtain paracrine cytokine secretion at 
the tumor site, Tahara et al. (91) transfected fibroblasts to express bioactive 
IL-12 and then inoculated animals using the poorly immunogenic murine mela- 
noma cell line (BL-6) in C57B1/6 mice. The antitumor results reported in this 
investigation suggest that local delivery of IL-12 inhibits tumor growth in a 
dose-dependent manner but leads to the development of an antitumor immune 
response when IL-12 is expressed at the tumor site at relatively small amounts. 

3.7. lnterleukin-15 

Along with GM-CSF and IL-2, IL-15 mRNA and increased cytokine levels 
have been reported to be overexpressed in regressive primary human cutane- 
ous melanoma samples (54). IL-15 mRNA has been detected in keratinocytes, 
fibroblasts, macrophages, lymphocytes, and melanoma cells. The presence of 
IL-15 transcripts in the latter two cell types may be of particular interest. 
Whereas IL-15 mRNA is expressed in a variety of cell types, normal T-cells 
originally were suggested to lack IL-15 transcripts (92). However, these results 
and recent reports on IL-15 mRNA expression in activated T-cells and T-cell 
lines (93,94) indicate that melanoma tumor-infiltrating lymphocytes should be 
included in the spectrum of IL-15 mRNA-expressing cells. Immunoreactivity 
of IL-15 mRNA -positive cells with anti-IL-15 antibodies indicates that these 
transcripts are in fact translated (54). The presence of IL-15 transcripts and 
protein in melanoma cells may also be of particular importance. Because inhi- 
bition of endogenous IL-15 by specific antibodies results in downregulation of 
HLA class I expression in melanoma cells (95), expression of IL-15 in mela- 
noma cells may represent an important regulatory mechanism for T-cell recog- 
nition of melanoma cells. 

3.8. Tumor Necrosis Factor-a 

TNF-a mRNA is variably expressed in melanoma cell lines (9). Whereas 
other investigators have shown TNF-a production by melanoma cells at the 
protein level (10,96), low levels of TNF-a mRNA have been detected in cul- 
tured melanocytes as well (9). The complete role of TNF-a in malignant mela- 
noma has not yet been completely elucidated. Although melanocytes are 
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strongly inhibited by TNF-a (73), only some melanoma cell lines are suscep- 
tible to TNF in terms of cytostatic activity (10,97) and modulation of cell- 
surface antigens and adhesion molecules (72). In addition, TNF has been shown 
to possess cytotoxic properties and therefore may select for melanoma cells 
with enhanced malignancy in vitro (97). The in vivo effects of TNF-a are var- 
ied depending on the tumor cell line being evaluated; that is, suppression of 
local tumor growth has been observed by some investigators (98) whereas oth- 
ers have reported the enhancement of metastasis formation in response to the 
administration of TNF-a (99). CD8 + T-cells, isolated from tumor-infiltrating 
lymphocyte cells from human melanoma, have been shown to synthesize type I 
cytokines (IFN-y and TNF-a) in an MHC class I-restricted and tumor- 
specific noncytolytic interaction with autologous melanoma cells (66). Such 
an interaction and cytokine production may enhance cell-mediated immunity 
at the tumor site. Therefore, given these variable effects, the role of TNF-a as 
a modulator of melanoma growth and metastasis needs to be investigated 
further. 

4. Clinical Use of Cytokines and Growth Factors 

Despite the vast array of preclinical information available for biologic 
response modifiers and their role in the pathology of malignant melanoma, few 
agents, unfortunately, have shown efficacy in the clinical treatment of patients 
with this disease. This is not to say that there is a lack of clinical investigation, 
but, rather, to date, most trials have been wholly negative in their outcome. 
Focus, therefore, will concentrate on a relatively few such studies. 

4. 1. Adjuvant Treatment of High-Risk Melanoma 

The prognosis for patients with cutaneous malignant melanoma worsens 
considerably if the primary tumor invades deeply (>1.5 mm, American Joint 
Committee on Cancer [AJCC] stage II) and/or spreads to regional lymph nodes 
(AJCC stage III). Such patients are therefore appropriate candidates for studies 
of postsurgical adjuvant therapy. Several observations, including the antitu- 
mor effects of biologic therapy in preclinical testing, discussed above, suggest 
a role for immunologic mechanisms in controlling the proliferation and spread 
of melanoma cells (100,101). Therefore, specific immunomodulatory 
approaches using cytokines have been evaluated. 

Given the promising inhibitory effects of IFN-y in vitro and in vivo, it was 
chosen for evaluation in the treatment of patients with resected high-risk mela- 
noma. Phase I studies showed that IFN-y was well tolerated and favorably 
affected immune parameters in patients with completely resected melanoma 
(102-104). Accordingly, the Southwest Oncology Group undertook a random- 
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ized, phase III trial (SWOG-8642) to test whether prognosis was improved 
with recombinant human IFN-y compared with observation following defini- 
tive surgery for cutaneous melanoma (105). Two hundred eighty-four patients 
were enrolled, but, disappointingly, no statistically significant difference in 
disease-free or overall survival were detected. 

IFN-a has undergone extensive evaluation in the adjuvant setting (106), but 
until recently, no proven benefit was observed. In stage II patients, a recent 
European trial reported a benefit in disease-free survival when adjuvant IFN-a2a 
was compared to observation after surgical resection (107). In this report, 311 
patients with melanoma of a Breslow thickness >1.5 mm but without lymph 
node involvement were assigned to either adjuvant IFN-a2a administered sub- 
cutaneously for 1 yr or observation. A statistically significant improvement in 
disease-free survival was observed in the treatment arm, but not in overall sur- 
vival. The most common side effects experienced by the treatment group were 
mild to moderate constitutional-type symptoms. 

Stage III patients have a much higher risk of recurrence and subsequent 
death from malignant melanoma, therefore warranting a more aggressive 
approach to treatment in the adjuvant setting, in some investigator's viewpoint. 
In 1996, very promising results were reported from a large cooperative, ran- 
domized phase III clinical trial (El 684) evaluating very high dose IFN-a2b vs 
observation in patients with high-risk stage III malignant melanoma (108). In 
this study, 287 patients with stage III resected melanoma were randomized to 
receive IFN-a2b at 20 mU/m 2 intravenously daily, five times per week for 
4 wk, followed by 10 mU/(m 2 -d) subcutaneously three times per week for 
48 wk or observation. At the time of publication, median follow-up was 6.9 yr. 
Toxicity in the treatment arm was profound, requiring dose adjustments in the 
majority of patients, and consisted mainly of significant constitutional symp- 
toms, hepatotoxicity, myelosuppression, and depression. Yet, despite this tox- 
icity, for the first time in the treatment of malignant melanoma in the adjuvant 
setting, not only was an improvement in disease-free survival observed, but 
also an improvement in overall survival. Median disease-free survival 
improved from 1.0 to 1.7 yr and overall survival from 2.8 to 3.8 yr, in a statis- 
tically significant manner (108). These results led to approval of IFN-a2b at 
this dose and schedule as adjuvant treatment for high-risk resected stage III 
malignant melanoma by the US Food and Drug Administration (FDA). 

In an effort to confirm and extend these results, an intergroup trial was 
designed (El 690) and recently reported at the thirty-fifth annual meeting of the 
American Society of Clinical Oncology in Atlanta, GA (109). This study 
enrolled 642 stage III patients and randomized them to one of two treatment 
arms or observation. The treatment arms included the same high-dose 
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IFN-a2b schedule outlined for E1684 vs a lower-dose regimen of IFN-a2b at 
3 mU/d subcutaneously three times per week for 2 yr. Based on an intent- 
to-treat analysis of 608 evaluable patients, an improvement in disease-free sur- 
vival was once again observed for the high-dose treatment arm when compared 
to observation; however, no statistically significant improvement was identi- 
fied for overall survival. The low-dose arm showed no improvement in dis- 
ease-free or overall survival as compared to the no-treatment arm. The 
explanation for this lack of advantage of overall survival is distressing and, as 
yet, not fully understood. Clinicians worldwide anxiously await further detailed 
evaluation and subsequent publication of these results to understand better the 
role of high-dose IFN-a2b in the adjuvant treatment of high-risk resected ma- 
lignant melanoma. 

4.2. Systemic Treatment of Metastatic Melanoma 

Although surgery with or without adjuvant IFN-a therapy can be curative in 
stage I, II, or III disease, many patients will develop distant metastases. Dis- 
seminated metastatic disease is associated with a poor prognosis and a mortal- 
ity rate of >95%. Several treatment options are available to patients with 
metastatic disease, including single-agent dacarbazine (DTIC) chemotherapy, 
a variety of combination chemotherapy regimens, and combinations of chemo- 
therapy with tamoxifen or IFN-a. DTIC chemotherapy produces responses in 
approx 20% of patients, with a median response duration of 4-6 mo, a 5-yr 
survival rate of 2%, and a median survival time of 6-9 mo (110). Although 
single-institution phase II studies and small phase III trials have shown that 
combination chemotherapy, or the addition of either tamoxifen or IFN-a to 
DTIC chemotherapy, has potential benefit, no regimen has yet proved superior 
to DTIC chemotherapy alone (111-118). 

Based on animal model data, a high-dose IL-2 regimen was developed in 
which IL-2 was administered by short iv infusion every 8 h, with or without 
lymphokine-activated killer cells (119,120). In 1997, the US FDA approved 
high-dose bolus IL-2 as a single agent for the treatment of metastatic mela- 
noma based on a report describing the findings from an updated 270 patient 
database of metastatic melanoma patients treated with this same high-dose 
IL-2 regimen between 1985 and 1993 (121). These 270 patients were enrolled 
in eight phase II clinical trials during this time span conducted at 22 institu- 
tions around the United States. Patients received high-dose bolus IL-2 at 
600,000-720,000 IU/kg as a 15-min iv bolus every 8 h for 14 consecutive doses 
over 5 d, as tolerated. After a 6- to 9-d rest period, an additional 14 doses of 
IL-2 were scheduled over the next 5 d. Courses of therapy were usually sepa- 
rated by 6- to 12-wk intervals. The overall objective response rate was 16% 
(95% CI, 12-21%), with 17 complete responses (6%) and 26 partial responses 
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(10%). Responses occurred with all sites of disease and in patients with large 
tumor burdens. The median response duration for patients who underwent a 
complete response has not been reached and was 5.9 mo for those who achieved 
a partial response. Twenty-eight percent of the responding patients, including 
59% of the patients who achieved a complete response, remain progression 
free. Toxicity, although severe, inducing a capillary leak type of syndrome 
requiring intensive care unit type of monitoring, generally reversed rapidly 
after therapy was completed (121). Thus, despite this relatively low overall 
response rate and high toxicity profile, high-dose bolus IL-2 treatment seems 
to benefit some patients with metastatic melanoma by producing durable com- 
plete and partial remissions and should be considered for appropriately selected 
patients. The only predictive factor for response was good performance status 
at baseline and no prior systemic therapy. 

Other IL-2-based investigations, alone, at lower doses, or in combination 
with other cytokines and/or chemotherapy have been reported (122-126). 
None, however, have shown the substantial durable remissions observed with 
the high-dose bolus IL-2 schedule described. 

Few other cytokines or growth factors have been evaluated as extensively as 
IFN-a or IL-2 in malignant melanoma (127,128), but active investigation is 
ongoing. 
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1. Incidence and Mortality 

The incidence and mortality rates of melanoma increased dramatically from 
1973 to 1994, rising 120.5 and 38.9%, respectively (1). From 1990 to 1994, 
men had higher incidence (17.3/100,000) and mortality rates (3.5/100,000) than 
women (incidence: 11.6/100,000; mortality: 1.7/100,000) and had more mela- 
nomas on the trunk or the head and neck; women had more on the lower limbs, 
but the largest increases for an anatomic site were for the trunk. Incidence rates 
for birth cohorts born after 1945 seem to be stabilizing. Mortality rates of mela- 
noma are declining for women born in the 1930s or later and men born since 
the 1950s. 

In the United States, a large proportion of the melanomas detected in recent 
years were in the local stage and had a thickness <0.75 mm (2). Thus, in recent 
years, a large proportion of the melanomas were treated with ambulatory 
office-based surgery procedures with a local excision having 1-cm margins. 
The median depth of melanoma has decreased in association with public 
education campaigns in a number of developed countries. The fraction of 
melanomas presenting as thick primary melanomas is dwarfed by the interme- 
diate thickness group that is clinically node negative with a Breslow depth of 
1.0-4.0 mm. 

2. Staging 

In 1988, the American Joint Committee on Cancer (AJCC) (3) adopted a 
four-stage classification for melanoma based on Breslow thickness (4), Clark 
levels (5), and metastases, with the stage predicting the prognosis (6) (Table 1). 
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Table 1 

Staging System for Cutaneous Melanoma Adopted by the AJCC 

Stage Description" 

Melanoma in situ, not an invasive lesion 

Clark's level I 
T is N M 
IA Localized, tumor s0.75 mm in thickness and invades the 

papillary dermis 
Clark's level II 
TjNqMo 
IB Localized, tumor >0.75 mm but not >1.5 mm in thickness and/ 

or invades to papillary-reticular dermal interface 
Clark's level III 
T 2 N Mo 
IIA Localized, tumor >1.5 mm but not >4 mm in thickness and/or 

invades the reticular dermis interface 
Clark's level IV 
TjNqMo 
IIB Localized, tumor >4 mm in thickness 

Clark's level V 
T 4 N M 
IIIA Regional lymph node(s) metastasis <3 cm in greatest 

dimension 
Any T, N,, M 
IIIB Regional lymph node(s) metastasis >3 cm in greatest 

dimension and/or in transit metastasis 
Any T, N 2 , M 
IV Distant metastasis 

Any T, any N, M 1 

"is, in situ; N, lymph node; T, tumor; M 1; distant metastasis. 



Approximately 85% of patients present with melanoma in stages 0, I, and II. 
The distribution in 1995 was 14.9%, stage 0; 47.7%, stage I; 23.1%, stage II; 
8.9%, stage III; and 5.3%, stage IV, which favors better survival than two 
decades ago (7). Stages I and II divide localized disease into low risk (si. 5 mm) 
and high risk (>1.5 mm), with Breslow tumor depth being the most important 
prognostic factor in stage II disease. In a review of 5093 cases, the 10-year 
survival rate was reported as high as 97% for melanomas having a thickness of 
<1 .00 mm (thin melanoma, localized to skin) and as low as 14% for those with 
melanoma >4.00 mm thick (thick melanoma, localized to skin) (7). The aver- 
age 5 -year survival rate for patients with stage II melanoma (intermediate and 
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Table 2 

Five-Year Disease-Free Survival for Primary Melanoma 

by Thickness 

Thickness Five-year disease-free survival 

(mm) (%) 

<0.76 96 

0.76-1.49 87 

1.50-2.49 75 

2.50-3.99 66 

a4.00 47 



thick melanoma localized to the skin) is between 27 and 42% (6,8) (Table 2). 
It is probable that the mortality rate in stage II disease is owing to the presence 
of clinically silent nodal or distant metastases. 

Those with nodal disease (stage III disease), which includes both micro- 
scopic disease found on elective regional node dissection and macroscopic dis- 
ease removed by therapeutic lymph node dissection, have an overall 5 -year 
survival rate of about 30% (9). Individuals with a single involved node have a 
more favorable outcome than those with four or more positive nodes. Once 
distant metastases form (stage IV), the disease is rarely curable and median 
survival time is approx 6 mo. It remains to be seen whether sentinel node biopsy 
with detection of submicroscopic nodal disease by polymerase chain reaction 
(PCR) for tyrosinase mRNA and therapeutic intervention with node dissection 
or adjuvent therapy with high-dose interferon a-2b therapy will change the 
prognosis (10-12). 

As the prognostic accuracy of the Breslow tumor depth has evolved over the 
years since the AJCC staging system began, a convenient way to classify 
patients with stage 0, I, and II melanoma has evolved using the terms thin, 
intermediate, and thick (13). The concept of in situ (limited to the epidermis), 
thin (<1 mm), intermediate (1-4 mm), and thick (>4 mm) melanoma is an arti- 
ficial segmentation of the neoplastic continua made by those who study mela- 
noma to manipulate the available information to make predictions about the 
disease's anticipated future biologic behavior and make treatment recommen- 
dations. The assessment of the significance of the segmentation (thin, interme- 
diate, thick) changes as new information becomes available and always 
recognizes that the prognosis for an individual may be affected by other risk 
factors. Other independent risk factors include increasing age, male gender, 
tumor ulceration, neurotropism, and regression in thinner (<1 mm) tumors (14). 
Melanomas on the hands and feet carry a worse prognosis than those on the 
trunk and head, and those on the extremities have a better prognosis (15). 
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The AJCC melanoma staging being developed has major changes to the 
current scheme (Table 1). The changes in the 2000 staging sysem (Table 3) 
include: 

1. use of thickness and ulceration to classify primary melanoma; 

2. employment of the number of positive lymph nodes, and differentiating between 
microscopic vs macroscopic disease, to classify stage III patients; 

3. grouping of satellite metastases and in-transit lesions into stage III; 

4. inclusion of serum lactate dehydrogenase (LDH) and site of metastasis into the 
M classification in stage IV; and 

5. use of intraoperative lymphosciatigraphy and sentinel node biopsy within the 
classification (16). 

3. Treatment of Primary Tumor 

Historically, a wide excision with 5 -cm margins with regional lymph node 
dissection was recommended for all melanomas (17). This margin of excision 
was based on a single 1907 autopsy examination performed by Dr. W. S. 
Handley on a patient with advanced melanoma. The theoretical basis for this 
recommendation was to remove any hidden foci of melanoma cells that may 
give rise to local recurrences or metastasis (18). The recommendation to excise 
tissue to the underlying fascia was based on the desire to remove the superfi- 
cial vasculature and lymphatics in the sc tissue. This sole report formed the 
basis for the treatment of melanoma until 1977, when Breslow and Macht (19) 
described 35 patients with melanomas treated with narrow margins. 

The definitive treatment for primary melanoma is surgical excision. The 
margin for surgical treatment of melanoma and the decision to perform selec- 
tive lymph node dissection is defined by the Breslow depth. Although 
Breslow 's tumor thickness is of primary importance, Clark's level of tumor 
invasion may provide additional prognostic value for thin melanomas. As a 
lesion gets thicker, the risk of microsatellitosis increases; therefore, the mar- 
gins of wide local excision increase. Head and neck lesions have been exempt from 
the large databases used to derive the recommendations for treatment of cuta- 
neous melanoma (Table 4). For thin lesions (<1 mm), 1-cm margins of exci- 
sion are recommended (20). For intermediate thickness lesions (1 .1^4.0 mm), 
excision of 2-cm margins when feasible is recommended (21,22). If direct pri- 
mary closure is not possible, a skin graft or rotation flap is employed. This 
reduction in the margin of resection for thin and intermediate thickness mela- 
nomas resulted in significant cost savings because fewer patients required hos- 
pitalization. The margin of resection for thick melanomas remains controversial 
but is generally accepted as 2 to 3 cm, which usually requires a skin graft. 
Although patients with tumors >4 mm in thickness have a relatively high 
risk of local recurrence (10-20%), there is little evidence to support extending 
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Table 3 

American Joint Committee on Cancer — Proposed Staging 

for Cutaneous Melanoma: 2000 



Clinical staging 






Pathologic staging 


Stage 


Tis: in situ 


NO 


M0 


same 


Stage IA 


Tl":<or = 1.0 mm 
without ulceration 


NO 


M0 


same 


Stage IB 


Tl fc :<or = 1.0 mm 
with ulceration 


NO 


M0 


same 




T2": 1.01-2.0 mm 


NO 


M0 


same 




without ulceration 








Stage IIA 


T2' J : 1.01-2.0 mm 
with ulceration 


NO 


M0 


same 




T3": 2.01-4.0 mm 


NO 


M0 


same 




without ulceration 








1IB 


T3 fc : 2.01-4.0 mm 
with ulceration 


NO 


M0 


same 




T4": > 4.0 mm 


NO 


M0 


same 




without ulceration 








IIC 


T4' J : > 4.0 mm 
with ulceration 


NO 


M0 


same 


Stage IIIA 


any Tl-4" 

(1 node, macrometastasis) 


Nl* 


M0 


Tl-4" Nl" M0 
(1 node, micrometatasis) 


IIIB 


any Tl-4" 

(2-3 nodes, macromet) 


m b 


M0 


Tl-4" Nl fc M0 
(1 node, macromet) 
Tl-4" N2" M0 
(2-3 nodes, micromet) 


Stage IIIC 


any T 


N2 C 


M0 


any T N2*,N2 C , M0 




[in transit met/sattelite(s), without nodes] 


[N2*:2-3 nodes, macromet 










N2 C : in transit met/ 










satellite(s), no node] 




any T 


N3 


M0 


any T N3 M0 




[4 or > nodes, in transit met/satellite(s)] 




Stage IV 


any T 


any N 


any M 


any T any N any M 



"Micrometastases are diagnosed after elective or sentinel lymphadenectomy. 

''Macrometastases are defined as clinically detectable lymph node metastases confirmed by 
therapeutic lymphadenectomy or when any lymph node metastasis exhibits gross extracapsular 
extensions. 

'In-transit met(s)/satellites(s) without lymph nodes. 

Adapted from: Balch CM, Buzaid AC, Atkins MB, et al. (2000) A new American Joint 
Committee on Cancer Staging system for cutaneous melanoma. Cancer 88, 1484-1491. 



the width of local excision beyond 2 cm. Wide local excisions may reduce 
the incidence of local recurrence but are unlikely to have a survival benefit 
when the risk of preexisting systemic metastasis is so high. 

Recently, Piepkorn and Barnhill (23) recommended lateral 1-cm margins 
for melanomas of all depths; however, margins <1 cm are associated with too 
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Table 4 

Margin of Excision Recommendations by Tumor Thickness 

Surgical margin" 
Tumor thickness (cm) 

In situ 0.5 

<1 mm (thin) 1 

> 1-4 mm (intermediate) 2 

>4 mm (thick) 2-3*- c 

"The surgical margin is measured from the clinical edge of the lesion and 
consists of clinically normal skin, which is particularly difficult to obtain for 
lentigo maligna in chronically sun-damaged skin of the head and neck. 

^Narrower margin not widely accepted. 

'As the 2000 staging system is accepted, margins of excision may change to 
1.0 cm for thickness < 2mm and 2.0 cm for > 2 mm tumor thickness. 



great a risk for local recurrence (18,22,24-27). In usual clinical practice, mar- 
gins are generally identified without using a Wood's light to help identify the 
border of pigmentation. In lentigo maligna melanoma and superficial spread- 
ing melanoma, the fading border makes it difficult to discern with visual 
inspection. Wood's light examination of the lesion helps delineate the mar- 
gins. For example, for a thin melanoma, the margin of resection is inked at 
multiple points measured radially 1.0 cm from the edge of pigmentation. If a 
primary closure is anticipated, the surgeon orients an ellipse about this circle 
and excises directly down to the fascia, removing the epidermis, dermis, and 
the entire sc layer in a "block." If a graft is planned, the circular incision is 
excised down to fascia, and the graft is harvested and placed into the defect 
(Fig. 1). If the lentigo maligna melanoma arises in extensively actinically dam- 
aged skin, atypical melanocytes may remain at the margins of resection and a 
local recurrence may represent progression of the atypical melanocytes to mela- 
noma in situ and not an inadequate initial margin of resection. 

Certain areas require modification of the usual guidelines for wide local 
excision. Excision of thick melanomas of the face may require margins that 
would necessitate sacrifice of vital structures, such as the anterior orbit. In this 
situation, some recommend the use of a somewhat narrower margin. Postop- 
erative radiation therapy may reduce the risk of local recurrence (28,29). Sub- 
ungual melanoma of the finger requires resection proximal to the distal 
interphalangeal joint or ray amputation. Subungual melanoma of the toe neces- 
sitates amputation at the metatarsophalangeal joint. Excision of melanoma 
overlying the breast should include superficial mammary fascia; mastectomy 
is not indicated (30). 
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4. Follow-up 

Long-term follow-up for patients with melanoma is important because 
metastasis may be quite delayed. Ten to 15% of recurrence appears after 5 yr. 
Late recurrences have occurred predominately in women with thin primary 
tumors on the extremities (31), which is in contradistinction to the short dis- 
ease-free interval for thin melanoma of the head and neck in men (32). The 
disease-free interval in a series of nine cases of melanoma of the head and neck 
was 3 yr or less. This difference may be owing to the histologic subtype of 
melanoma; for example, lentigo maligna melanoma and superficial spreading 
melanoma recurred locally in the skin in the early period and nodal and vis- 
ceral metastasis was within 10 yr. Although the risk of progressive disease is 
low for thin melanoma, which has a rate of metastasis of up to 5% of thin 
melanomas (<0.75 mm in Breslow thickness), it appears to increase slightly 
over time (33). 

Another reason to maintain long-term follow-up is detection of second or 
multiple primary tumors. Patients with a history of melanoma, clinically atypi- 
cal nevi, and familial melanoma are at especially increased risk of developing 
multiple primary tumors (estimated relative risk of 500) (34). Having a prior 
melanoma confers an estimated relative risk of 9 of developing another mela- 
noma. Monthly skin self-examination and examination by a dermatologist is 
necessary to detect the new primary lesions or local recurrences (Table 5). 
Although there are currently no universally accepted guidelines for further 
radiologic and laboratory evaluation of all stages of melanoma patients, a con- 
sensus exists for stage and I patients (20). The majority of physicians order 
the following tests: no tests for melanoma in situ, baseline chest X-ray and 
liver function studies for stage I patients, and no additional diagnostic studies 
unless the patient becomes symptomatic (35). In asymptomatic stage II 
patients, there is no clear indication for further radiologic studies, but many 
physicians order initial computed tomography (CT) scans of the brain, chest, 
and abdomen. Stage III and IV disease warrant further radiologic studies, 
directed by symptomatology, physician findings, and sites of recurrence. These 
modalities may include CT, magnetic resonance imaging, bone scans, ultra- 
sound, and FDG scans (36). 

5. Lymph Node Dissection 

Lymph nodes are the most common site of initial metastasis. Although the 
management of nonpalpable regional lymph nodes is controversial, there is 
consensus that thin melanomas (stage IA) do not require lymph node dissec- 
tion (37). At the other extreme, patients with tumors >4 mm in thickness have 
a very high incidence of distant as well as local and regional metastasis. The sur- 
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Table 5 

Follow-up Guidelines 



Breslow depth 



History and 
physical examination 



Chest X-ray /laboratory studies" 



Stage I/II 

(<1.0 mm, thin) 
1.0-4.0 mm 

(intermediate) 



>4.0 mm (thick) 



Stage III/IV 



6 mo x 2 yr; 

12 mo thereafter 
4-6 mo x 3 yr; 

12 mo thereafter 



4-6 mo x 3 yr; 
12 mo thereafter 



3-4 mo x 5 yr; 
12 mo thereafter 



None 

Initial: CXR, 

optional CBC, LFTs 
Follow-up: yearly CXR, 

optional CBC, LFTs 
Initial: CXR, 

optional CBC, LFTs 
Follow-up: yearly CXR, 

optional CBC, LFTs 
Initial: CXR and CT scans* 
Initial: CBC, LFTs 
Follow-up: every 6-12 mo 

CXR, LFTs 



"LFTs (liver function tests) are LDH, AST, ALT, Alk Phos. 

''CT scans and blood studies based on physical examination findings. FDG whole-body scan 
can replace the battery of imaging tests performed on high-risk patients (28). 
CXR = chest x-ray, CBC = complete blood count 



vival of this group is not improved by elective lymph node dissection (ELND). 
Thus, the intermediate thickness group with nonpalpable nodes is the group that 
logically could benefit from ELND because the incidence of regional node 
metastasis is significantly greater than the incidence of distant metastasis. 

In the past, some surgeons excised lymph nodes only when they were clini- 
cally palpable (therapeutic lymph node dissection), and others preferred to 
remove the nodes in high-risk (intermediate or thick melanomas) patients even 
when they were not palpable because of the likelihood of microscopic node 
metastases. Complete lymph node dissection is associated with significant 



Fig. 1. (previous page) (A) This pigmentation varies over the surface of this 
lesion of the left forearm, which has irregular borders and is 7 x 5 mm in diameter. A 
3 -mm punch biopsy of the darkest portion of the lesion reveals a melanoma. Breslow 
depth = 0.43 mm. (B) Surgical margins were plotted using a Woods light to define the 
border of the pigmentation and then a 1 .0-cm was margin marked from the end of the 
pigmentation of the lesion. (C) Two weeks after the resection, the split thickness graft, 
which was applied to the fascia over the muscle, is depressed; however, this will rise 
to the level of the surrounding skin over the next few months. 
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morbidity but provides useful staging information in melanoma because lymph 
node metastasis is an important prognostic factor. Palpable lymph nodes are 
strongly associated with distant metastasis (70-85%) and a 5-yr survival rate 
of only 30%. Any palpable lymph node should be initially examined by fine- 
needle aspiration. An open lymph node biopsy is performed subsequently if 
the aspirate result is positive or inconclusive. Patients with occult disease in 
the lymph node have a more favorable prognosis (9). 

Early retrospective reviews of ELND (9,37,38) did demonstrate a survival 
benefit, but prospective randomized trials (39,40) did not. A concern with these 
studies is that the nodal basins that were dissected were not identified by 
lymphoscintigraphy, and, thus, they may not have included the ones to which 
the region preferentially drained. Although these studies were noted to have 
design flaws, recent results from the Intergroup Melanoma Trial have also dem- 
onstrated no survival advantage. The Intergroup Melanoma Trial has found an 
apparent survival advantage in patients under age 60 with primary melanomas 
1 to 2 mm thick (41). In a randomized trial of patients with truncal melanoma 
>1.5 mm in thickness, there was no survival advantage after immediate ELND 
(42). Lymphoscintigraphy using technetium sulfur colloid, which is concen- 
trated in the nodes within minutes after id injection, is an accurate preoperative 
method to map lymph node basins at risk for melanoma metastasis. Initial stud- 
ies showed surprisingly different drainage patterns than would have been pre- 
dicted by anatomic guidelines. A study of 82 patients with intermediate 
thickness melanomas found discordant drainage in 63% of head and neck cases 
and in 32% of truncal cases (43). The timing of the lymphoscintigraphy is impor- 
tant. It should be conducted before wide local excision to avoid disruption of 
the lymphatic drainage and obstruction of the true location of the draining nodes. 

6. Intraoperative Mapping and Sentinel Lymph Node Biopsy 

Melanoma metastasis spreads via the lymphatics in an orderly fashion, and, 
therefore, the sentinel node is the first lymph node a metastasis encounters 
before entering into "higher" or more "proximal" nodes. Morton et al. (44) 
introduced the sentinel lymph node (SLN) biopsy for cutaneous melanoma 
patients in 1991. Studies since then have indicated that the SLN is representa- 
tive of all nodes in the basin, particularly if the SLN is negative. The SLN 
biopsy technique has evolved from the use of lymphazurin blue vital dye 
injected around the site of the primary melanoma to localize the SLN identi- 
fied by preoperative lymphoscintigraphy with a tattoo placed on the skin over 
the node. Now, the SLN is isolated in vivo by a handheld gamma probe based 
on the level of radioactivity of a "hot" SLN compared with background (10,45). 
Ideally, intraoperative mapping should be performed after initial biopsy and 
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before wide local excision. After injecting the radiolabeled tracer, mapping is 
delayed for 4 h to allow maximal localization in the nodes. 

An advantage of SLN biopsy is that it can be performed under local anesthe- 
sia for most groin dissections and some head and neck dissections. Usually, 
axillary SLNs require general anesthesia because the nodes are buried under 
considerable fat. Because node dissection can be expected only to increase 
survival in patients with node metastases, SLN biopsy could become a tool to 
identify patients with occult node metastasis, who could then undergo node 
dissection. Specialized pathology techniques may reduce the already low false 
negative rate of SLN biopsies performed by serially sectioning the nodes and 
routine processing with hematoxylin and eosin (H&E), which detects 1 mela- 
noma cell in 10,000 normal cells (46). Some centers use S-100 immuno- 
peroxidase staining to improve the accuracy of diagnosis to 1 abnormal cell in 
100,000 normal cells (47). However, a possible pitfall of S-100 antibody stain- 
ing of melanoma cells is confusion with other cells, such as interdigitating 
dendritic cells, nevus cells, and certain macrophages within lymph nodes. 
Newer methods of PCR testing for tyrosinase mRNA are able to detect about 
3 melanoma cells in a background of 10 million normal lymphocytes (12). 
PCR has been shown to detect micrometastases in SLNs originally negative by 
routine histology (12). With continued study, the sensitivity of PCR technol- 
ogy may yield an unacceptable false positive rate by detecting normal nevus cells 
within lymph node capsules. Capsular nevi are present within 25% of SLN (48). 

SLN biopsy and PCR analysis of the node remain in the realm of research, 
and the benefit to the patient in terms of prolonging the disease-free interval is 
not known. A national multicenter trial is currently studying the survival 
advantage of complete lymph node dissection based on SLN and the possible 
advantage to SLN-positive patients of qualifying for adjuvant therapy proto- 
cols. At present, the ability of adjuvent therapy to prolong life has been ques- 
tioned, and the scientific community awaits the publication of the Eastern 
Co-operative Oncology Group Trial 1690 by Kirkwood et al. (49), which is the 
study designed to confirm the encouraging results reported in their earlier trial. 
The suggestion and hope is that early detection of occult nodal metastasis may 
substantially affect the final outcome of these patients. Currently, the tech- 
nique of SLN biopsy should be considered a staging procedure. 

7. Lentigo Maligna Treated with Mohs Surgery 

The management of lentigo maligna ([LM] melanoma in situ) is now as 
controversial as the margin of resection for intermediate thickness melanoma 
was prior to the results of the prospective randomized trials. The answer to the 
controversy could be provided by a prospectively randomized trial of Mohs 
surgery vs surgical margins of 5 mm or 1 cm. The challenge of LM treatment is 
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Fig. 2. Clinical progression of melanoma. 

that the disease commonly occurs on extensively actinically damaged skin of 
the head and neck, which is a field of atypical melanocytes. Even after excision 
of the lesion using a Wood's light to define the edge of the pigmentation and 
0.5-cm margins (Table 4), there are often scattered atypical melanocytes at or 
near the lateral edge of the specimen. Repeated reexcisions may show similar 
results. These atypical melanocytes have been observed to extend as far as 10 cm 
beyond the clinical border of an LM (50), which brings into question the clini- 
cal relevance of this finding (51). When deciding whether the margin of resec- 
tion is free of tumor, the Mohs surgeon interprets the presence of atypical 
melanocytes in frozen sections prepared with H&E. The interpretation is guided 
by whether the atypical melanocytes are present as scattered single cells (inter- 
preted as a negative margin) or clumps of three or more cells (a positive mar- 
gin) as well as whether they rise above the basal layer or extend down adnexal 
structures (a positive margin) (52). Methods used to assist in this interpretation 
include rush permanent paraffin sections (53), immunoperoxidase staining with 
HMB-45 (52,54,55) and Mel-5 (56). Given the "field effect" and histologic 
"skip areas" in LM, careful long-term clinical monitoring of the excision site is 
needed to detect any possible recurrence. 

8. Conclusion 

The optimal lateral surgical margins for melanoma are still being investi- 
gated. However, several studies have shown that more conservative margins 
have not resulted in higher recurrence rates. Furthermore, the advantages of 
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Mohs micrographic surgery, the SLN biopsy technique, and early dissection of 
occult disease with or without postsurgical adjuvent therapy are still under dis- 
cussion. Even with this array of promising new therapeutic strategies, the 
importance of early detection in melanoma should not be underestimated. Mela- 
noma progresses to metastatic disease in a variable period of time (Fig. 2). Meta- 
static melanoma remains resistant to all currently available therapy. At this 
time and for the foreseeable future, successful treatment depends on detection 
in the in situ or thin phase of the disease. 
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Utility of Fine-Needle Aspiration Biopsy 

for Prospective Analysis of Patients Undergoing 

Therapy for Metastatic Melanoma 

Adam I. Riker 



1. Introduction 

Many of the recent advancements in the area of tumor immunobiology have 
allowed us to focus our efforts on the experimental treatment of patients with 
metastatic melanoma. It has been both a frustrating and often a seemingly futile 
effort on the parts of physicians and researchers alike in treating such patients. 
The last decade of research has resulted in a paradigm shift in our understand- 
ing of the immunologic interactions between a tumor cell and the host immune 
response. The discovery and clinical application of tumor-associated antigens 
has allowed for a selective and highly specific approach to the treatment of 
patients with stage IV metastatic melanoma (7). 

However, no matter what approach is utilized, there will always remain an 
absolute need to follow carefully and thoroughly all patients who receive either 
experimental or standard therapy. Follow-up visits must include a thorough 
physical examination noting changes such as any degree of tumor regression 
(or growth), side effects or drug-related toxicity possibly related to the treat- 
ment, or possible changes on serologic or immunologic evaluation. This last 
aspect of treatment, the immunologic evaluation and response of the patient, 
has become an integral part of the prospective analysis of experimental treat- 
ments of the patient with metastatic melanoma. 

Our early experience in treating patients with peptide-based immunotherapy 
has made us acutely aware of our shortcomings in terms of truly understanding 
the complex molecular and immunologic interactions that occur within the in 
vivo tumor microenvironement. Thus, to overcome the difficulties associated 
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with the analysis of sequential changes in melanoma-associated antigen (MAA) 
expression, we developed a method of fine-needle aspiration biopsy (FNAB) 
of metastatic melanoma nodules that provides for the serial analysis of the 
same lesion over time (2). 

There has been renewed enthusiasm in our attempts to understand the cellu- 
lar immune response to melanoma. This has translated into the development of 
peptide-based vaccinations based on the utility of small peptide fragments 
derived from the so-called MAAs, which are recognized by T-lymphocytes. 
This has provided us with a basis for the rational design of many of the current 
antitumor and T-cell-based vaccine trials. These MAAs are specifically 
recognized by human leukocyte antigen (HLA) class I-restricted cytotoxic 
T-lymphocytes (CTLs). Such immunologic responses remain a vital key to our 
understanding of the true interactions between the host immune system and the 
tumor cell. 

2. Materials 

1 . For immunocytochemistry , the following monoclonal antibodies (MAbs) are utilized: 
W6/32 (Sera Labs, Westbury, NY) for HLA class I (3); IVA-12 (American Type 
Culture Collection, Rockville, MD) for HLA class II; KS-I (4) for HLA-A2 fluores- 
cein isothiocyanate (FITC) antihuman CD8 and FITC anti-human CD4 (Pharmingen, 
San Diego, CA); and anti-MART-1/Melan-A murine IgG 2b (M2-7C10) (5,6) and 
anti-gplOO mAbHMB-45 (Enzo Diagnostics, Farmingdale, NY). 

2. The secondary antibody is goat anti-mouse IgG (FITC). For secondary staining, 
biotinylated goat anti-mouse IgG (Kirkergaard & Perry, Gaithersburg, MD) is 
used followed by avidin-biotin-peroxidase (Vectasin Elite Kit; Vector, Bur- 
lingame, CA) (5). 

3. For reverse transcriptase polymerase chain reaction (RT-PCR), a set of two prim- 
ers is selected to amplify each MAA cDNA. Each PCR reaction is composed of 
10X PCR buffer, 1.5 mMMgCl 2 , 200 jiMdNTP, 1.25 U of AmpliTaq Gold, and 
0.5 [iL of cDNA for a final reaction volume of 20 [iL. Ten microliters of light 
mineral oil covers the reaction mixture. 

4. Primer selection for all experiments is based on the known genomic sequence of 
all genes of interest. All primers amplify a fragment that spans a known intron. 
The following primers are used: 

a. gplOO: 5'-CTTGGTGTCTCAAGGCAACT (sense) and 5'-TCCAGGTA 
AGTATGAGTGAC (antisense). 

b. MART-1: 5'-ATGCCAAGAGAAGATGCTCAC (sense) and 5'-AGCATG 
TCTCAGGTGTCTCG (antisense). 

c. Tyrosinase: 5'-TTGGCAGATTGTCTGTAGCC (sense) and 5'-GCTATCCC 
AGTAAGTGGACT (antisense). 

d. |3-Actin: 5'-TGGGCCGCTCTAGGCACCA (sense) and 5'-GTTGGCCTTA 
GGGTTCAGGGGG (antisense). 
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Table 1 

Establishment of Melanoma Cell Lines from FNAB Samples 





Lesions 


Patients 




Total number 


39 


23 




Established cell lines 


26 


16 




Success (%) 


67 


70 






Positive Growth" 


Negative Growth 6 


X 


Size of lesion (cm 2 ) (SEM) 


29.5 (±7.1) 


17.6 (±3.8) 


0.06 


Total cells in FNAB sample 


7.8 ± 3.2 x 10 7 


1.3 ±5.1 x 10 7 


0.03 


(before ACK lysis buffer) 








(median) 


(20) 


(10) 




Total cells in FNAB sample 


4±3.2x 10 6 


0.5 ± 0.2 x 10 6 


0.006 


(after ACK lysis buffer) 








(median) 


(2) 


(0.2) 





"Positive growth is defined as a melanoma cell line that expanded in vitro for greater than 
five consecutive passages and expanded for cryopreservation of at least 1 x 10 7 cells. 

''Negative growth is defined as no appreciable expansion of melanoma cells after 30 d in 
culture. 

C X 2 , variance of melanoma cell growth. 



3. Methods 

An overall success rate in the range of 60-80% can be expected with the 
utilization of FNAB samples for in vitro culturing and establishment of long- 
term melanoma cell lines. More recently, this success rate has improved to be 
about 80%, with the establishment of more than 40 long-term melanoma cell 
lines. Each lesion aspirated represents a distinct lesion, with some lesions aspi- 
rated from the same patient at different time points. In several patients, mul- 
tiple lesions were simultaneously aspirated and analyzed separately. All 
established cell lines should be analyzed for the expression of MAA as deter- 
mined by FACS analysis. 

The average size of metastases from which cell lines originated was larger than 
that of metastases from which we could not establish a cell line (29.5 ±7.1 cm 2 
vs 17.6 ± 3.8 cm 2 , % 2 = 0.06). There was a direct correlation between the total 
number of cells obtained (RBCs and viable nucleated cells) from FNAB and 
the ability to establish successfully a melanoma cell line in vitro (7.8 ± 3.2 x 10 7 vs 
1.35 ± 5 x 10 7 , respectively, without RBC lysis buffer; x 2 = 0.03). Lysis of 
RBCs from the starting samples resulted in a lower cell number (4.2 ± 1.7 x 10 6 vs 
0.5 ± 0.25 x 10 6 , respectively, with lysis buffer; x 2 = 0.006). 
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It is also feasible to establish autologous tumor/TIL pairs and solitary TIL 
cultures. Analysis of several of these pairs has revealed that autologous TIL 
cells were able to recognize autologous, HLA-matched tumor cell lines. Sev- 
eral TIL cultures exhibited growth of primarily CD8 + lymphocytes with other 
T-cell cultures of primarily CD4 + cells. Thus, much data have shown that 
autologous tumor/TIL pairs, solitary TIL, and melanoma cell lines can be 
readily generated from samples obtained by FNAB. These samples are 
extremely important reagents in determining the nature and identification of 
new melanoma antigens as well as further defining the specificity of the TIL 
cells from the autologous tumor samples. 

A comparison of the levels of expression of gplOO and MART-1 utilizing 
immunocytochemistry was performed on cytospins from the original FNAB 
and from 10 subsequently established cell lines (by FACS) obtained from the 
same specimens. There was a strong correlation in MAA expression between 
fresh tumor explants and cultured cell lines using the two staining methods. In 
general, cell lines generated from metastases with high expression of gplOO 
were found to have high levels of gplOO by FACS analysis compared with the 
expression of the same antigens as detected by immunocytochemistry on freshly 
explanted tumor cells. In all cell lines, there was a high level of HLA-A2 expres- 
sion, indicating that the loss or decreased expression of the HLA molecule was 
not a major factor in determining the level of either gplOO or MART-1 expression. 

Occasionally, it was noted that if the fresh tumor explant was positive for 
gplOO, subsequent in vitro culturing of this sample resulted in the loss of this 
MAA by FACS analysis. This selective pressure is known to occur, because 
the loss of these tumor antigens is not essential for the survival of the tumor 
cell. Remember that MAA expression is of no known importance to the tumor 
cell and bears no relationship to the neoplastic process. Thus, MA expression 
in melanoma cells is a remnant of the melanocytic origin, and its loss of 
expression may occur without significant repercussions on cancer cell survival. 
Therefore, these antigens could be particularly sensitive to immune selection 
during disease progression, under the effects of antigen-specific immunization 
and, of course, in vitro culturing. 

3. 1. Sample Collection by FNAB 

1. Begin with a 23-gage needle attached to a 10-cc syringe that can be placed within 
a commercially available "pistol grip" device. This allows for its use with a single 
hand, allowing the second hand to stabilize the lesion to be aspirated. 

2. Ensuring that the tip of the needle is firmly within the tumor nodule, apply a 
slight suction to the syringe while maintaining a slow, continuous back and forth 
motion. Always ensure that the tip of the needle remains within the tumor nodule 
during aspiration. 
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Fig. 1. (A) gplOO expression: Variability of expression of gplOO in multiple synchronous 
lesions within a patient. A total of 130 sets of synchronous lesions were evaluated for expres- 
sion of gplOO and MART-1, demonstrated as the percentage of positive cells within a tumor 
population. (B) MART-1 expression: The same set of lesions (the order of patients is not the 
same from left to right; they are ranked according to the level of antigen expression) is evalu- 
ated for MART-1 expression. A, The overall percentage of lesions (all lesions, or at least one 
lesion of a synchronous set of lesions) evaluated by immunohistochemistry/immunocytochem- 
istry negative for gp 100 or MART-1 antigen expression; B, heterogeneity of melanoma antigen 
expression among multiple synchronous lesions; C, data sets representing lesions that were 
strongly positive and homogeneous for antigen expression (>75% positive). 
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3. Prior to removing the needle, discontinue suction and remove the collected speci- 
men in the hub and lumen of the needle. Place a small sample on a slide and 
staine (DIFF-QUIK®) and evaluate at the bedside utilizing a standard light 
microscope to ascertain the adequacy of the sample. 

3.2. Cell Culture Techniques 

1. Once an adequate sample is obtained for both diagnosis and immunostaining by 
the cytopathology department, carry out a second pass under sterile conditions 
for subsequent in vitro culturing. 

2. Place samples immediately into complete media at the bedside consisting of 
Iscove's media (Biofluids, Rockville, MD) supplemented with 10 mM HEPES 
buffer, 100 U/mL of penicillin (Biofluids), 100 p,g/mL of streptomycin (Bio- 
fluids), 10 ng/mL of ciprofloxacin (Bayer, West Haven, CT), 0.03% L-glutamine 
(Biofluids), and 0.5 p,g/mL of amphotericin B (Mediatech, Cellgro, VA) with 
10% heat-inactivated human AB serum (Gemini Bioproducts, Calabasas, CA). 

3. A total cell count is performed to include all nucleated and red blood cells (RBCs). 

4. Place and expand all samples in either 24- or 48-well plates (Costar®; Corning, 
Calabasas, NY) at 4 x 10 6 or 2 x 10 6 cells/well, respectively. If RBC contamina- 
tion remains a problem, ACK red blood cell lysing buffer (Biofluids) may be 
utilized first. 

5. In separate wells, attempt to generate tumor-infiltrating lymphocytes (TILs) 
by adding interleukin-2 (IL-2) (Chiron, Emeryville, CA) every other day (1000 
Cetus U/mL). 

6. Maintain all cultures at 37°C in 5% C0 2 and replenish fresh media every 3 d. 
Split tumor cells and TILs as needed and expand based on the rapidity of cell growth. 

3.3. Fluorescent Activated Cell-Sorting Analysis 

Cell-surface expression of HLA and other surface antigens (CD8 and CD4) 
is performed utilizing previously described methods (5) . Intracellular staining 
for detecting MA is performed as previously described, reported as the mean 
equivalence of fluorescence, which is the mean fluorescent channel number 
normalized between experiments utilizing standardized fluorescent beads (7). 

3.4. Immunocytochemistry of Cytospin Preparations 

Immunocytochemistry is performed on cytospin preparations from the origi- 
nal FNA sample and on subsequent established cell lines. The cytospins are 
fixed in acetone and stained with the same MAbs used for the FACS analysis 
(Biogenex, San Ramon, CA). 

3.5. Polymerase Chain Reaction 

1 . PCR is performed with obvious dependency on the primer selection and melting 
temperatures of the primers. The protocol used in most reactions is as follows: 
Ten high-stringency cycles of initiation at 94°C for 9 min, denaturation at 94°C 
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Table 2 

FNAB-Established Autologous Tumor/TIL Pairs and TIL 

Cultures 

Autologous TIL 



Cell line CD4 (%) CD8 (%) 

F001 <1 99 

F015 12 82 

F035 <1 99 

F005 89 10 

F020 98 <1 

F045 6 94 

F046 94 3 

TIL line CD4 (%) CD8 (%) 

T001 70 28 

T002 8 90 

T003 17 64 

T004 1 1 74 

T005 4 95 

T006 1 99 

T007 24 86 

T008 87 10 

T009 98 2 



for 30 s, annealment at 65°C for 1 min, and extension at 72°C for 1 min. This is 
followed by 20 low-stringency cycles of 94°C for 30 s, 60°C for 1 min, 72°C for 
1 min, and a final extension at 72°C for 10 min. 
2. For each sample, mix 6 \iL of PCR product and 3 [iL of bromophenol blue 5X 
loading buffer and run on a 1.3% agarose gel for 45 min at 150 V. Stain the gel 
with Vistra Green (Amersham Life Sciences, Arlington Heights, IL) 1 : 10,000 
dilution in IX TBE for 50 min and analyze on a Fluorolmager 595 (Molecular 
Dynamics, Sunnyvale, CA). 

3.6. HLA Typing 

An HLA phenotype of each sample is determined by using sequence- 
specific primer-PCR (8,9) 

4. Notes 

1 . Currently, there are no standardized methods of monitoring the response to treat- 
ment of patients with metastatic melanoma. However, the clinical response of 
patients, in both terms of increased overall and disease-free survival, seems to be 
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Table 3 

Correlation of Antigen Expression Between Melanoma Samples 





Fresh Tumor Expl 


ant" 


Daughter Cell Lines 6 




Immunocytochemistry 




FACS analysisc 




gplOO 


MART-1 




gplOO 


MART-1 


HLA-A2 


Tumor 


(%) 


(%) HLA-A2 


MEFc/(%) MEF/(%) 


(MEF/(%) 


F007 


50-75 


>75 


+ 


382/94 


1039/93 


642/94 


F013 


>75 


>75 


+ 


214/70 


279/67 


261/98 


F009 


50-75 


>75 


+ 


189/44 


348/84 


418/97 


F017 


>75 


50-75 


+ 


57/19 


251/76 


253/99 


F020 


50-75 


<25 


+ 


22/9 


246/51 


226/90 


F026 


50-75 


50-75 


+ 


23/37 


67/73 


70/99 


F023 


Negative 


Negative 


+ 


12/5 


76/32 


133/84 


F001 


<25 


50-75 


+ 


0/0 


29/12 


266/99 


F002 


25-50 


50-75 


+ 


0/0 


114/35 


166/97 


F003 


<25 


50-75 


+ 


0/0 


84/30 


161/99 



"The expression of MAA by fresh tumor explants was analyzed by immunocytochemistry 
utilizing the same antibodies for FACS analysis with the results evaluated by a single patholo- 
gist and graded on overall percentage of positive cells. 

fc FACS analysis was performed on established cell lines for the same MAA expression using 
intracellular staining with the MAb HMB-45 for gplOO, anti-MART-1/Melan-A murine IgG 2 b 
for MART-1, and MAb W6/32 for HLA-A2 expression. 

'inEF, mean equivalence of fluorescence (7). 



the ultimate clinical end point. There remain many questions about the proper 
form of surveillance for patients undergoing peptide-based vaccination. The clini- 
cal relevance of in vitro data has always been a confounding factor in determining its 
in vivo relevance. On the other hand, the evaluation of the immunologic response 
to therapy by serial FNAB of the same lesion will provide much needed informa- 
tion about the molecular mechanisms, which are so poorly understood at present. 
2. The limited success of establishing melanoma cell lines from tumor digests 
obtained from excisional biopsies is most commonly attributed to contamination 
of fibroblasts within the sample. This results in a rapid overgrowth and contami- 
nation of the tumor cell population of interest. Thus, it remains a challenge to 
obtain a pure population of tumor cells for in vitro culture and expansion, with 
only a few authors examining the utility of FNAB for the establishment of neo- 
plastic cell cultures. FNAB of melanoma lesions provides numerous advantages 
for the analysis of primary and metastatic tumors. It is a minimally invasive pro- 
cedure with almost no associated morbidity well described elsewhere (10,11). 
The specimen can be evaluated immediately at the bedside to determine the qual- 
ity, quantity, and overall cellular morphology of the FNAB specimen. 
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Table 4 

Tissue Procurement in Melanoma Patients 



Method 



Potential advantages 



Potential disadvantages 



Excisional biopsy 



Incisional/core biopsy 



minor procedure 
Complete removal of lesion 
Adequate tissue obtained 
High sensitivity/specificity 
Minor procedure 
Adequate tissue obtained 
Prospective analysis of lesion 
High sensitivity/specificity 



Surgical procedure 
Possible morbidity 
In vitro culturing difficult 
Loss of prospective analysis 
Architectural disruption 
Potential wound breakdown 
Possible morbidity 



The establishment of melanoma cell lines in vitro from FNAB samples poses 
relatively few difficulties, with an appreciable success rate. In other histologies, 
such as renal cell carcinoma, breast cancer, ocular melanoma, colon cancer, 
small-cell lung cancer, and mesothelioma, it was much more difficult to establish 
long-term cultures in vitro. Several could be grown to two or three cell passages 
only to perish soon thereafter. It is likely that certain solid tumors may require 
supplemental growth factors that are not present in the standard media or sera 
utilized. Li et al. (12) demonstrated that only a relatively small number of tumor cells 
obtained by FNAB were required for the successful propagation of primary breast 
cancer cell lines in vitro. Of 25 attempted cases, 12 were passageable, resulting 
in up to 10 7 viable tumor cells. In all cell lines examined, the cultured cells closely 
resembled the original tumor tissue and displayed one or more tumor phenotypes. 
It cannot be stressed enough that a true dedication to meticulous cell culture tech- 
niques is absolutely required in order to achieve this success rate. Sterile meth- 
ods must be utilized during each step of growth and cell expansion, with extreme 
care taken to ensure that the media and other reagents such as IL-2 are changed at 
least every third day. Complacency with cell culture will most assuredly result in 
contamination by fungus, bacteria, or fibroblasts. 

Some minor points to consider are that in performing all molecular procedures 
involved with the isolation of either total or messenger RNA, extreme care must 
be taken to ensure purity of the reagents, and all procedures should be performed 
only in an area that has been exclusively designated for RNA isolation alone. In 
addition, all reagents should be of molecular grade, with diethylpyrocarbonate- 
water used in all cases. Any number of commercially available RNA isolation 
kits that result in the isolation of high-quality total RNA are available. Similarly, 
the conversion of total RNA to complementary DNA has been performed with a 
standard kit (Gibco-BRL, Rockville, MD). 

It is important that your PCR cycler be optimized and that samples be amplified 
previously in a reproducible manner. Although each experiment results in slightly 
different cycling parameters resulting in slightly different PCR products, it is 
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Table 5 

Advantages of FNAB of Metastatic Melanoma 

1. Immediate sample assessment 

2. Easy to perform/tolerable without local anesthesia 

3. Low morbidity 

4. Minimal disruption of tumor architecture 

5. Preferential sampling of tumor/lymphocytes 

6. Efficient and effective method of tissue procurement 

7. High sensitivity/specificity 

8. No evidence of architectural or functional disruption 

9. Minimal collection of stromal cells/minimal fibroblast overgrowth 

10. Accurate measurement of immunologic and cellular changes that occur within 
the tumor microenvironment of the same lesion or from multiple synchronous 
or metachronous lesions from the same patient 

1 1 . Prospective analysis of melanoma lesions prior to, during, and after treatment 



essential that the same PCR settings (7m, time of extension and annealment) are 
used for each PCR amplification. Each set of primers has been designed with an 
appropriate Tm for each set of cycling conditions. 

The literature suggests that because of the marked heterogeneity of MAA expres- 
sion in synchronous melanoma lesions, one metastatic melanoma tumor nodule 
obtained by wide local excision is inadequate in terms of formulating generalized 
conclusions about the overall response of all lesions to treatment (13-15). It is 
essential that each lesion be evaluated as its own entity, realizing that each is 
composed of different clones of tumor cells, with each expressing variable 
amounts of the target MAA. It is only through the separate and thorough evalua- 
tion of each melanoma lesion that we can expect to understand the complex inter- 
actions that are occurring within the tumor microenvironment. 
In terms of those patients currently enrolled in peptide-based vaccinations, FNAB 
has evolved into an efficient method of sequentially analyzing all metastatic nod- 
ules from a single patient. In one of the largest analyses of multiple synchronous 
melanoma samples all obtained by FNAB, there appears to be a marked hetero- 
geneity in the expression of the MAA, gplOO, and MART-1. An in-depth analy- 
sis of more than 500 melanoma lesions has revealed that MAA expression of 
tumors treated with peptide-based immunotherapy is owing, in part, to a process 
of immunoselection (16). Such selection may be the specific result of the immune 
pressure placed on the tumor cells as a direct result of peptide-based vaccination. 
This is most likely owing to the result of antigen-specific cytotoxic T-cells 
destroying those tumor cells that are expressing the appropriate MAA in an HLA- 
restricted fashion. However, because of the heterogeneity of MAA expression of 
melanoma cells, a small percentage of cells that have never expressed the target 
MAA will remain. 
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9. Jager et al. (17) demonstrated an inverse relationship of MAA expression in 
lesions and cytotoxic T-cell responses in response to repeated intradermal vacci- 
nation with peptides derived from the MART-1 and tyrosinase antigens. In 
all cases investigated, there was no detectable CTL response against these pep- 
tides when the respective tumor expressed the corresponding antigen. By con- 
trast, there were frequent antigen- specific CTL responses in those patients whose 
tumors did not express the antigen. Thus, the expression of MAA seemed to be 
associated with the lack of antigen-directed CTL responses in vivo, suggesting 
that CTL responses against MAA may mediate regression of antigen-positive 
tumors, resulting in the immunoselection of melanoma lesions negative for the 
expression of MAA. 

10. An important aspect of treating patients with immunotherapeutic vaccines is the 
selection of patients for therapy based on the MAA expression in tumor nodules. 
Currently, such a strict criterion is not formally utilized in choosing those patients 
who possess the highest levels of expression of the target MAA. Despite our 
current understanding of the importance of the high expression of MAA by tumor 
cells, patients are not denied enrollment in peptide-based vaccination trials even 
if the MAA expression of their tumor is minimal or completely negative. Jager 
et al. (18) propose that patients be selected for therapy with antigen-specific 
immunotherapy according to antigen expression as assessed by immunohis- 
tochemistry staining rather than by mRNA, thus providing valuable information 
about cellular antigen localization, heterogeneity and intensity of antigen stain- 
ing, and overall percentage of cellular MAA positivity. Future studies will indeed 
call attention to the fact that MAA expression by tumor cells is essential for a 
clinical response to peptide-based immunotherapy, obviating the importance of 
screening melanoma patients for MAA expression prior to such treatment. 

11. Caution should be applied in utilizing vaccines designed only to elicit a CTL 
response exclusively against gplOO positive tumor nodules because most, if not 
all, melanoma tumors are extremely heterogeneous in their expression of gplOO. 
It is the homogeneity of MAA expression that seems to play a critical role in the 
proper recognition and lysis of tumor cells by specific TIL populations, possibly 
preventing the development of antigen-loss variants in vivo. 

12. One must keep in mind that a selection bias occurs whenever a population of 
tumor cells is placed in vitro for further expansion and characterization. Many 
consider a freshly prepared tumor cell digest as being a superior representation of 
the in vivo situation, but success rates with such methods remain poor, often 
struggling to overcome the incessant problem of fibroblast overgrowth. FNAB is 
a fast and extremely efficient method, allowing for the analysis of all aspects of 
tumor cell activity. Obtaining a pure melanoma culture from tumor cell digests of 
excised specimens remains a formidable task, often resulting in contaminating 
fibroblasts and other cells infiltrating the tumor microenvironment. 

13. The added complexity of patient heterogeneity also needs to be taken into 
account when analyzing tumor escape mechanisms. Patients who exhibit lower 
precursor frequencies toward a particular HLA/MAA combination could exert 
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decreased immunologic pressure toward that combination, and, therefore, detec- 
tion of a specific escape mechanism may prove to be much more difficult to 
document. It is also possible that the level of immune competence of a patient 
toward a particular MAA/HLA allele is a reflection of the level of epitope avail- 
ability in that patient. This could have extremely important implications in 
the selection of patients for a particular treatment protocol. We have recently 
noted a strong correlation between the expression of gplOO and the response of 
HLA-A*0201 melanoma patients treated with a gp 100- specific peptide vaccina- 
tion (2). Only patients exhibiting high levels of gplOO expression, as analyzed by 
immunohistochemistry for gplOO from cytospins, were found to respond to the 
vaccine. 
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A Molecular Technique Useful in the Detection 
of Occult Metastases in Patients with Melanoma 

RT-PCR Analysis of Sentinel Lymph Nodes 
and Peripheral Blood 

James S. Goydos and Douglas S. Reintgen 



1. Introduction 

When cutaneous melanoma is confined to the skin, simple excision with 
adequate margins will usually cure the patient (1,2). Local recurrences do 
occur but reexcision still results in a very high cure rate. When cutaneous mela- 
noma spreads beyond the primary site, the metastases are predominantly by 
way of the lymphatics. If in-transit disease or regional lymph node involve- 
ment is present, the 5-yr survival rate drops to approx 60% (1-3). Accurate 
staging of the locoregional lymphatic basin is thus extremely important. Pre- 
operative lymphoscintigraphy followed by selective lymphadenectomy has 
revolutionized the staging of cutaneous melanoma by delivering to the patholo- 
gist only those nodes that are most likely to contain metastatic cells (4). A 
close examination of these sentinel lymph nodes (SLNs) by serial sectioning 
and immunohistochemical staining can detect very minute quantities of mela- 
noma. This type of detailed examination is impossible in standard lym- 
phadenectomy specimens that can contain 20-40 lymph nodes. The standard 
technique used to examine large numbers of lymph nodes is to examine only 
1-5% of each node using hematoxylin and eosin staining. This can obviously 
miss micrometastatic disease and understage the patient. 

Multiple prospective studies have validated the concept and utility of selec- 
tive lymphadenectomy and the World Health Organization Melanoma Com- 
mittee has declared it to be a standard of care for nodal staging of melanoma 



From: Methods in Molecular Medicine, Vol. 61: Melanoma: Methods and Protocols 
Edited by: B. J. Nickoloff © Humana Press Inc., Totowa, NJ 

301 



302 Goydos and Reintgen 

(5-9). However, serial sectioning and immunohistochemical staining of even a 
few SLNs is still time-consuming and expensive. Furthermore, optical resolu- 
tion and the experience and patience of the dermatopatholgist limit light 
microscopy. Patients with histologically negative SLNs still have an unaccept- 
ably high rate of recurrence, ranging from 10 to 15% (10,11). A method is 
needed to examine SLNs and detect microscopic and "submicroscopic" dis- 
ease that is cost-effective and highly sensitive and specific. 

Another instance in which detection of subclinical disease would be useful 
is the detection of circulating tumor cells in peripheral blood. Clinical studies 
have shown that tumor cells can be detected in the peripheral blood and bone 
marrow of patients with no clinical evidence of disease (12). A rapid and highly 
sensitive and specific detection system that could detect low volumes of circu- 
lating tumor cells would be useful for staging and prognosis. Patients could be 
monitored with simple blood tests instead of the expensive, time-consuming, 
and often uncomfortable methods that are now employed for surveillance, such 
as computed tomography scans. Patients could also be stratified into different 
risk groups, which would make the clinical trials more uniform and interpretable. 

Reverse transcriptase polymerase chain reaction (RT-PCR) is a technique 
that may be able to detect clinically occult metastatic disease (11,13,14). This 
technique is based on the fact that even though every nucleated cell in an 
organism contains a complete copy of genomic DNA, each type of cell tran- 
scribes only certain genes. If one could identify a unique protein produced by 
the target cell, one could search for the messenger RNA (mRNA) coding for 
that protein. If this unique mRNA is present in the tissue sample, the cell pro- 
ducing this marker protein must also be present. The reason to search for the 
mRNA instead of the actual protein is that proteins are relatively stable and 
could travel to the target tissue whereas mRNA is rapidly degraded and only 
transiently present in its cell of origin (15). Recent studies have shown that 
marker mRNAs can be detected in SLNs and peripheral blood in patients with 
melanoma (11,13,14,16,17). Furthermore, a recent study by Shivers et al. (10) 
suggests that the detection of melanocyte-specific mRNA in SLNs may be 
clinically significant. 

Marker proteins must have certain characteristics if they are to be employed 
in RT-PCR studies. The protein would ideally be specific for the cell type of 
interest. However, few tumor-specific proteins are known, and most marker 
proteins are specific for the tumor's cell of origin. An example would be tyro- 
sinase, the first enzyme in the melanin synthesis pathway, which is present in 
normal melanocytes as well as most melanomas. Because lymphocytes do not 
normally produce melanin, tyrosinase should not be present in a normal lymph 
node. If tyrosinase mRNA is detected in a sample of SLNs from a patient with 
melanoma, then we assume that melanoma cells (or normal melanocytes [18]) 
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are present in that lymph node. The second requirement for a marker protein is 
that the gene sequence must be known. Tyrosinase also fulfills this require- 
ment because its DNA sequence is well studied. Finally, the protein must not 
be too long or too short because this could make analysis and primer selection 
difficult. Tyrosinase is a medium-sized protein with unique regions that fulfills 
the aforementioned requirements. 

Once the marker protein is chosen, five steps are necessary to run an 
RT-PCR analysis. First, the tissue must be harvested and preserved to inacti- 
vate RNases that would rapidly degrade the mRNA. Second, the mRNA must 
be extracted from the tissue and first-strand cDNA produced using the enzyme 
RT. cDNA is the preferred molecule to examine because it is much more stable 
than mRNA. Third, the cDNA sequence of the protein must be examined and 
PCR primers chosen. Fourth, the cDNA must be combined with the preselected 
primers and PCR then performed using DNA polymerase and a thermocycler. 
Fifth, the cDNA PCR product must be examined to detect the marker. Many 
different techniques have been proposed to carry out each of these steps; we 
outline one method herein. 

2. Materials 

2. 1. Harvest and Preservation of Tissue 

1. Liquid nitrogen in an appropriate container for transport (Thermo-Flask; Lab- 
line, Melrose Park, IL). 

2. Freezer (-80°C) for storage of specimens. 

2.2. Harvest and Preparation of Peripheral Blood 

1. Ficoll (LSM; Organon Teknika, Durham, NC). 

2. Blood collection tubes with EDTA. 

3. Freezer (-80°C) for storage of specimens. 

2.3. Extraction of Total RNA 

1. Trizol Reagent (Life Technologies, Grand Island, NY) (store at -20 C C). 

2. Chloroform (no additives) (store at room temperature). 

3. Isopropyl alcohol (store at room temperature). 

4. 75% Ethanol (RNase free) (store at room temperature). 

5. RNase-free water or 0.5% sodium dodecyl sulfate (SDS) solution (store at room 
temperature). 

2.4. First Strand cDNA Synthesis 

1. First-strand cDNA synthesis kit (Life Technologies) (store kit at -20 C C). 

2. Oligo(dT) (0.5ngAxL). 

3. 10X PCR buffer: 200 mM Tris-HCl (pH 8.4), 500 mM KC1. 
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4. 25mMMgCl 2 . 

5. O.lMDithiothreitol(DTT). 

6. 10 mM dNTP mix (10 mM each of dATP, dCTP, dGTP, and dTTP). 

7. Reverse transcriptase (200 U/^iL). 

8. RNase H (2 U/fiL). 

9. Diethylpyrocarbonate (DEPC)-treated water. 

2.5. Polymerase Chain Reaction 

1. PCR Super Mix (Life Technologies) (store at -20°C). 

2. Specific forward and reverse primers (store at -20°C). 

3. Licensed thermocycler. 

4. Thin-walled reaction tubes that fit the thermocycler. 

2.6. Gel Electrophoresis 

1. Agarose (Ultra Pure; Gibco-BRL) (stored as a powder at room temperature until 
mixed). 

2. TBE buffer (Gibco-BRL) (store at 15-30°C). 

3. Horizontal gel electrophoresis apparatus. 

4. Ethidium bromide. 

5. Ultraviolet (UV) transillumination apparatus. 

6. DNA ladder (100 bp) (store at -20°C). 

3. Methods 

An example for the processing of lymph nodes and peripheral blood to detect 
the enzyme tyrosinase is illustrated. This technique will work equally well with 
other markers when used with the proper primers and PCR reaction tempera- 
tures appropriate for the primers. 

3. 1. Harvesting and Preservation of Tissue and Peripheral Blood 

Because RNases are ubiquitous, it is important to preserve tissues quickly to 
limit mRNA degradation. Transient mRNAs can be destroyed within a few 
minutes of harvesting, and, therefore, rapid excision and immediate preserva- 
tion in the operating room is necessary (10,11,13,14). When preserving SLNs, 
excise the node, immediately transport the node to the back table in the operat- 
ing room, bivalve the node, and place one quarter to one half in a sterile plastic 
container. Immediately place this container in liquid nitrogen, which halts 
enzymatic degradation. Transport the specimens to the laboratory and store at 
-80°C until processed. In this way, specimens are snap-frozen in less then 
5 min after excision. If specimens are not to be processed within a few days, 
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transfer them to a liquid nitrogen storage tank for long-term banking (see Notes 1 
and 2). Collect peripheral blood in a sterile glass tube containing EDTA. Sepa- 
rate the blood on a Ficoll gradient by placing 8 mL of room temperature Ficoll 
in a 50-mL centrifuge tube and layering 10 cc of whole blood with EDTA, 
mixed 1 :2 with warm phosphate-buffered saline (PBS), on top of the Ficoll. 
Care should be taken not to mix the blood and Ficoll at the interface. Centri- 
fuge the preparation at room temperature for 10 min at 405 g and remove the 
layer on top of the Ficoll and wash twice with PBS. The cell pellet can then be 
stored at -80°C until RNA extraction (17,19). 

3.2. Extraction of Total RNA from Nodal Tissue 

Total RNA is extracted from lymph node samples using a modification of 
the method first described by Chomczynski and Sacchi (20) using a monopha- 
sic solution of phenol and guanidine isothiocyanate (Trizol reagent) (see Notes 3 
and 4). The RNA extraction protocol is as follows: 

1. Homogenize the sample: Place 100-200 mg of lymph node tissue in 2 mL of 
Trizol reagent in a 15-mL centrifuge tube and grind using a Teflon rod. The fro- 
zen tissue thaws rapidly, so it is important to homogenize the tissue quickly. The 
Trizol reagent has anti-RNase activity. 

2. Separation of phases: Incubate the 15-mL tube at room temperature (15-30 C C) 
for 5 min after homogenization and then add 0.5 mL of chloroform (0.25 mL/mL 
of Trizol used). Cap the tube tightly and shake vigorously by hand for 15-20 s 
and then let sit at room temperature for 2 to 3 min. Centrifuge the sample at 
12,000g for 15 min at 2-8°C. This will separate the sample into a lower phenol- 
chloroform phase containing DNA and protein, an interphase, and an upper aque- 
ous phase containing the RNA. The aqueous phase should be about 1 mL in 
volume. Pipet 0.8-1 mL of the aqueous phase into a 2-mL centrifuge tube, avoid- 
ing contamination by the interphase. 

3. Precipitation of RNA: The RNA can now be precipitated from the aqueous phase 
by adding isopropyl alcohol. Add approx 0.8-1 mL of isopropyl alcohol to the 
tube and incubate the sample at room temperature for 10-15 min. Next, centri- 
fuge the sample at 12,000g for 10 min at 2-8°C; the RNA should form a pellet on 
the bottom of the tube. Discard the supernatant and wash the RNA pellet once in 
1.8 mL of 75% ethanol. Dissolve the pellet by vortexing and then centrifuge at 
7500g for 5 min at 2-8°C. 

4. Prepare the RNA for reverse transcription: Discard the supernatant and air-dry 
the RNA pellet for 5-10 min. Do not let the pellet completely dry out or redis- 
solving the RNA will be difficult. Dissolve the RNA in RNase-free water or a 
0.5% SDS solution by gentle pipeting and incubation at 55°C for 5-10 min. The 
RNA is now ready for first-strand DNA synthesis. 
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3.3. Extraction of Total RNA from Peripheral Blood 

The extraction of total RNA from peripheral blood is the same as for nodal 
tissue except the homogenization step is simpler. Pipeting the cell pellet in 
1 mL of the Trizol reagent for every 10 7 cells in the pellet will homogenize the 
cells and ready them for phase separation. 

3.4. First-Strand cDNA Synthesis 

mRNA is converted into a cDNA copy before performing PCR to amplify 
the marker. One strand of the cDNA is first synthesized by priming the RNA 
with an oligonucleotide and then using the enzyme RT to produce cDNA. Total 
RNA has been extracted from the lymph node cells and peripheral blood but 
only the mRNA, which makes up about 1-2% of total RNA, is of interest. To 
produce cDNA from total mRNA, one can exploit the fact that the vast major- 
ity of eukaryotic RNAs contain a 3' poly(A) tail. An oligo(dT) primer is used 
to bind to this poly(A) tail and selectively convert the mRNA to cDNA. Once 
the first-strand cDNA has been produced, treat the mixture with RNase to elimi- 
nate residual RNA that can interfere with the PCR reaction. Because very small 
volumes of the reagents are required for each synthesis reaction, it is best to 
prepare master mixes containing enough of the reagents to perform several 
reactions. The incubations are best carried out in water baths preheated to 70, 
42, and 37°C (see Note 5). 

1 . Determine the concentration of the isolated mRNA spectrophotometrically by 
absorption at 260 and 280 nm. 

2. Add 1-5 [ig of the total RNA (approx 1 jiL) and 1 fxL of oligo(dT) (0.5 [ig/[iL) 
solution to a sterile 1.5-mL tube. Incubate at 70°C for 10 min and then place on 
ice for 1 min. 

3. Make a master mix of the reaction components added in the following order: In a 
1.5-mL sterile tube combine 8 \iL of the 10X PCR buffer, 8 ^L of 25 mMMgCl 2 , 
4 \iL of the 10 mM dNTP mix, and 8 \xh of the 0.1 M DTT. This will make 
enough reaction mix for four reactions. Larger amounts of reaction mix can be 
made and stored at +4°C for short periods. 

4. Place 7 \iL of the master reaction mix into the tube containing the RNA/oligo(dT) 
mixture and gently mix. Collect the mixture in the bottom of the tube by gentle 
centrifugation for a few seconds and then incubate for 5 min at 42°C. 

5. Add 1 ^L (200 U) of the RT to the tube, mix gently, recollect at the bottom of the 
tube by gentle centrifugation for a few seconds, and then incubate at 42°C for 50 min. 

6. Terminate the RT reaction by incubating at 70°C for 15 min and then chilling the 
specimen on ice for 5 min. 

7. A mixture of RNA and cDNA is now present in the tube. Destroy the RNA 
because it will interfere with the PCR reaction. Recollect the specimen at the 
bottom of the tube by gentle centrifugation for a few seconds, and then add 1 \iL 
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Fig. 1. Genomic DNA is made up of exons and introns. The introns are spliced out 
of the mRNA message and therefore the cDNA ends up with no introns. First-strand 
cDNA synthesis produces antisense cDNA, which reacts with the sense primers to 
produce the sense cDNA sequence. The antisense primers then react with the newly 
produced sense cDNA sequence and produce a new antisense cDNA. This produces 
very large amounts of cDNA specific for the primers used. Nested primers are used to 
amplify a smaller segment cDNA by reacting with cDNA produced in the primary 
PCR reaction. Because both sense and antisense cDNA strands are present in the pri- 
mary PCR product, less cDNA is needed in the nested reaction. Note that the primary 
primers are on different exons. This would result in a much larger DNA product if 
contaminating genomic DNA was used as the template. The nested primers cross 
between exons and would probably not bind to genomic DNA 

of RNase H to the tube and incubate at 37°C for 20 min. The cDNA is now ready 
for PCR amplification or it can be stored at -20°C. 

3.5. Selection and Production of Primers (see Note 6) 

The cDNA sequences of tyrosinase and many other proteins are available 
from several sources, including Genbank, Genetic Sequence Database, which 
can be found at <www.ncbi.nlm.nih.gov/Genbank/GenBankOverview.html.> 
To amplify the specific marker cDNA of interest, primers that have certain 
characteristics must be produced (Fig. 1). 
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Choose primers that will give a PCR product between 200 and 2000 bp in 
length. Primers and primer artifacts will obscure shorter products during gel 
electrophoresis, and longer products are less efficiently amplified because 
the polymerase tends to fall off the template during long extensions. To 
decrease the possibility of the primers amplifying contaminating genomic 
DNA, choose primers that span an intron. One should attempt to choose prim- 
ers that are located on separate exons so that the genomic DNA amplification 
product will be larger than the cDNA product. Avoid primers that may form 
secondary structures because this could greatly impede the PCR reaction. An 
algorithm is available to determine when a primer may have the propensity to 
form secondary structures (21). Try to avoid complementary 3' ends in the two 
primers because this can lead to the formation of primer dimers. If possible, 
choose primers that have annealing temperatures of about 55-65°C. Nested 
primers increase the sensitivity and specificity of the reaction. Nested primers 
amplify a region of the cDNA that lies between your first set of primers (Fig. 1). 
Nested primers are used in a second PCR reaction that utilizes the product of 
the first reaction as the cDNA substrate. 

Computer programs are now available to choose the optimal primers for a 
given cDNA. Many universities also maintain Web sites that will obtain the 
cDNA sequence from GenBank for you and pick primers based on your 
requirements. Once the primers have been chosen, they will need to be synthe- 
sized for you. Commercial firms are available that will synthesize the primers 
to your specifications and many universities maintain DNA synthesis core 
facilities (13). 

3.6. Polymerase Chain Reaction (see Notes 7, 8, and 9) 

PCR is carried out using a thermostable DNA polymerase, such as Tag poly- 
merase, using a thermocycle apparatus that cycles the reaction temperature 
among primer annealing temperature, primer extension temperature, and dena- 
turation or melting temperature. The optimum temperatures for the three steps 
in the cycle depend on the primers you choose and the length of the cDNA. The 
temperatures in our example are optimized for the tyrosinase primers used in 
the example (Fig. 2). To verify the integrity of the mRNA isolated from the 
specimen, an ubiquitous housekeeping gene is also amplified from each cDNA 
sample. (3-Actin is the most commonly used housekeeping gene, and primers 
to amplify (3-actin are easily obtainable from commercial sources or the 
sequence of appropriate primers is available in GenBank as well as in the lit- 
erature (22). If the cDNA sample is negative for (3-actin, it is considered to be 
unreliable and should not be used. 

1. Use thin-walled reaction tubes for the PCR reaction. The tubes you use will par- 
tially determine the profile of the cycling. We use 0.2-mL, thin-walled, RNase- 
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Tyrosinase Primers 

Human tyrosinase PCR primer HTYR1 (primary sense): ttggcagatt gtctgtagcc 

Human tyrosinase PCR primer HTYR2 (primary antisense): aggcattgtg catgctgctt 

Human tyrosinase PCR primer HTYR3 (nested sense): gtctttatgc aatggaacgc 

Human tyrosinase PCR primer HTYR4 (nested antisense): gctatcccag taagtggact 

Fig. 2. Genbank copy of the human tyrosinase PCR primers known as HTYR1-4. 
Human tyrosinase PCR primers: HTYR1 (primary sense), ttggcagatt gtctgtagcc; 
HTYR2 (primary antisense), aggcattgtg catgctgctt; HTYR3 (nested sense), gtctttatgc 
aatggaacgc; HTYR4 (nested antisense), gctatcccag taagtggact. 



and DNase-free, polypropylene dome-topped tubes that work with the heated lid 
of our thermocycler (Labscientific, Livingston, NJ). 

Place the reaction tubes on ice and add the individual components using aerosol- 
resistant barrier pipet tips. A separate area should be set aside in the laboratory 
for setting up the reaction because cross-contamination with environmental DNA 
can be a problem. 

A premixed PCR reaction mix that contains 22 mM Tris-HCl (pH 8.4), 55 mM 
KC1, 1.65 mM MgCl 2 , 220 \iM dGTP, 220 \iM dATP, 220 uM dCTP, 220 uM 
dTTP, 22 U of recombinant Taq DNA polymerase, and stabilizers can be used 
(PCR SuperMix; Life Technologies). Add 45 uL of this mix to each reaction 
tube. 

Add 0.5 uL of each primer (200 nM concentration) and 4 uL of the cDNA solu- 
tion to each tube. The thermocycler should be prewarmed to approx 80°C. Cap 
the reaction tubes and place in the thermocycler. 

Start the cycling program: An initial denaturation step of 95°C for 2 to 3 min is 
followed by the first cycle of denaturation at 94°C for 30 s, primer annealing at 
56°C for 30 s, and primer extension at 72°C for 60 s. 

Repeat the cycle 35 times. Use a final extension step of 72 C C for 5-15 min at the 
end of the run to promote completion of partial extension products and annealing 
of single-stranded complementary products. 

Remove the reaction tubes and place on ice for a few minutes before opening the 
tubes to avoid aerosolization. Centrifuge the tubes for a few seconds to collect 
the mixture and store the tubes at +4°C until they are analyzed. 
Now run the nested PCR using the same reagents in Subheadings 3.6.3. and 3.6.4. 
except use 2 uL of the cDNA from the first PCR reaction instead of the primary 
cDNA. The denaturation and primer extension temperatures and times are the 
same as for the first reaction. The annealing temperature is determined by your 
choice of nested primers. The same annealing temperature and time for both the 
first and the nested reactions is often appropriate (56°C for 30 s in this example). 
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3.7. Gel Electrophoresis (see Notes 10, 1 1 , and 12) 

The samples and a 100-bp DNA ladder (used to determine the size of the 
bands) can now be run on a 2% agarose gel containing ethidium bromide. The 
agarose gel is produced by mixing agarose power in TBE buffer and heating 
(in a microwave oven or hot plate) to dissolve the agarose. As the agarose 
solution cools it forms a gel. The cooling agarose is placed in a mold to pro- 
duce a horizontal gel of the correct thickness (about 1 cm thick) and the cDNA 
is run on the gel to separate the bands. One to two microliters of ethidium 
bromide (10 mg/mL) can be placed directly in the gel before it cools, or the gel 
can be stained after the cDNA has been run. The bands are detected using UV 
transillumination and photographed using a digital camera, video unit, or a 
Polaroid camera (Fig. 3). In most applications, this method is sufficient to 
detect the cDNA marker product from your PCR reaction and the nested PCR 
product (10,17,23). If bands of the correct size for your primary and nested 
PCR products are present, and the (3-actin housekeeping band is also present, 
you can assume that you have the correct cDNA and that the marker is present 
in your tissue. If the (3-actin band is present but the primary and nested bands 
are missing, you can assume that the marker is not present in your sample. If 
the primary PCR product band is present but the nested marker is absent, you 
may have amplified an unrelated cDNA or contaminating genomic DNA. If 
the (3-actin band is not present, you cannot rely on the quality of the extracted 
mRNA even if a band does show up in the marker or nested PCR product lanes 
(10,13,17,22,23), See Notes 13, 14, and 15 for same thoughts on the clinical 
utility of this RT-PCR analysis. 

4. Notes 

1 . The use of liquid nitrogen for tissue preservation is an easy and rapid method that 
stops RNase reactions and allows delayed transport to the laboratory while the 
operation is in progress. However, not all facilities have ready access to liquid 
nitrogen stores and the personal needed to maintain them. An alternative method 
of lymph node preservation is the use of dry-ice slurries. Dry ice is often easily 
obtainable from the pathology department and the addition of 70% ethanol to the 
dry ice makes for an acceptable freezing medium. The specimen is transported 
immediately to the back table in the operating room and bivalved as before. The 
portion to be used for RT-PCR is placed in a plastic container and then sub- 
merged in the dry ice/ethanol slurry. This will rapidly drop the temperature of the 
specimen to -20 to -30°C, and it can then be transferred to the laboratory. Prob- 
lems with this technique are that the freezing temperature is less than ideal and 
that the mixture is flammable. This limits the time the specimen can sit before 
transfer and increases the risk that the mRNA will be degraded. Another alterna- 
tive method for preserving the lymph node tissue is the immediate immersion of 
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Fig. 3. An ethidium bromide-stained gel electrophoresis of the PCR products from 
lymph node and cell line mRNA using nested tyrosinase primers and a DNA ladder 
(M). The nested primers should produce a product with a band at 207 bp. Lane 2, 
breast cancer cell line; lane 3, colon cancer cell line; lane 4, normal lymph node; lanes 
5 and 6, histologically positive SLNs from patient with melanoma; lanes 7 and 8, 
histologically negative SLNs from patient with melanoma; lane 9, melanoma cell line. 
Lane 1 is blank. 



the tissue in the Trizol solution, in the operating room, and immediate process- 
ing. This technique decreases the possibility that the mRNA will be degraded but 
requires that a toxic substance be transported to and from the operating room as well 
as someone to be available for the transport and immediate processing of the tissue. 

2. Another potential problem with the harvesting and preservation of the tissue is 
that excess fat and connective tissue may interfere with the extraction of the nodal 
RNA. We believe that it is important that all excess fat and surrounding tissue be 
carefully dissected away from the nodal tissue in the operating room prior to 
preservation. This can be distracting and time-consuming and is often neglected 
in the midst of an ongoing operation. However, with practice the lymph node 
tissue in the operating room can be processed expediently and will yield better 
results. 

3. When working with RNA and DNA, several environmental issues need to be 
addressed. RNases and DNases are ubiquitous — they are present on your hands, 
on the bench top, on glassware and plasticware, and just about any other surface 
in your laboratory. It is very easy to inadvertently introduce these enzymes into 
your reactions, with often devastating results. In addition, DNA can contaminate 
your specimens and reaction mixtures and lead to erroneous results. Several pre- 
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cautions and environmental isolation techniques are necessary in any laboratory 
that intends to perform RT-PCR (11,15): 

a. Physical isolation of the separate parts of the process should be a routine pro- 
cedure and can not be overemphasized. The tissue processing should be car- 
ried out as far away as possible from the area designated for reverse 
transcription and PCR reactions. Gel electrophoresis should be done in a third 
location using dedicated equipment. 

b. All glassware should be processed to ensure freedom from RNases and 
DNases and plasticware should be certified RNase and DNase free. This 
includes pipet tips, tubes, and storage containers. 

c. Dedicated pipets, water baths, and benchtop areas should be used when pos- 
sible. Alternatively, these instruments and areas can be cleaned with reagents 
that destroy RNases and DNases. 

d. If erroneous or uninterpretable results are obtained during the RT-PCR pro- 
cess, the first thing that should be done is to search for a breach in these 
environmental rules. A pipet that was borrowed by a colleague or a contami- 
nated work space is often the culprit. 

4. The method that we describe to extract total RNA from lymph nodes and blood 
utilizes a common technique first described by Chomczynski and Sacchi (20). 
The Trizol method works well because the tissue is liquified in the same tube as 
the separation of the RNA from the other cellular elements. The mixture has 
strong anti-RNase activity, and, thus, the frozen tissue is thawed in an environ- 
ment that preserves the RNA. However, the Trizol reagent is extremely toxic and 
must be handled carefully. The manual grinding of the tissue can produce splash- 
ing and contamination and needs to be performed in a chemical hood. An alterna- 
tive method of extracting the RNA from the tissue is to use a closed system that 
utilizes the same extraction schema. We have found that the FastRNA-Green Kit 
in conjunction with the FastPrep Tissue lysis apparatus (BIO 101, Vista, CA) 
extracts RNA as efficiently as the Trizol reagent but without the added danger of 
handling the reagents during processing. With this kit you place a chaotropic 
RNA stabilizing agent, a phenol acid reagent, and chloroform isoamyl alcohol in 
a tube containing a matrix material that is used to grind the tissue. The frozen 
specimen is then placed in the tube and the tube is placed in an apparatus that 
agitates the tube. The tissue is lysed within 20-40 s and the heat of the reaction 
further denatures contaminating RNases. The total RNA is then extracted from 
the mixture in a similar fashion as in the Trizol reaction. We have found that this 
is an excellent method to extract RNA from tissues, especially when multiple 
samples need to be processed at once. Drawbacks include the need to purchase 
the FastPrep machine and the need to transfer the material from tube to tube 
during processing, which can add pipeting errors and contamination risks to the 
procedure (24). 

5. First-strand cDNA synthesis is one of the least demanding portions of the 
RT-PCR process but is also the part that can lead to the most problems. First, the 
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mRNA is very susceptible to degradation by contaminating RNases and precau- 
tions must be taken to minimize this risk (see Note 3). Second, mRNA transcripts 
that contain a high GC content can have secondary structures that limit the reverse 
transcription process. To avoid secondary mRNA structure, you may need to increase 
the reaction temperatures and avoid cooling the mixture until the cDNA is tran- 
scribed. Using the First-Strand Synthesis Kit, you can change the reaction as follows: 

a. Transfer the RNA/oligo(dT) mixture from the initial 70°C water bath to a 
50°C water bath instead of cooling on ice. 

b. Prewarm the reaction mix to 42°C before adding it to the RNA/primer mix 
(which is at 50°C). The components of the reaction mix are increased in vol- 
ume and DEPC-treated water is added to increase the volume of the reaction. 
Use 30 \iL of DEPC-treated water, 30 ^L of 10X PCR buffer, 30 \iL of 
25 mM MgCl 2 , 10 ^L of 10 mM dNTP mix, and 30 \iL of 0.1 M DTT. Add 
25 fxL of this mix to the RNA/oligo(dT) mixture. 

c. The RT reaction will now take place at 50°C for 50 min. 

Third, if you detect the possible contamination of the cDNA with genomic 
DNA, you need to treat the mRNA with DNase prior to the RT reaction. To do 
this you need an amplification grade DNase I (available from Gibco-BRL) or you 
need to use an RNase inhibitor because some DNases also degrade RNA. For 1 to 
2 fxg of total RNA, use 1 uE of a 10X reaction buffer (200 mM Tris-HCl [pH 8.4], 
500 mM KC1, and 20 mM MgCl 2 ), 1 [xL of DNase, and 10 [iL of DEPC-treated 
water. Incubate at room temperature for 15 min. Add 1 \xL of 25 mM EDTA and 
then terminate the reaction at 65 °C for 15 min. Chill on ice for 1 min and then 
proceed with the RT reaction. 

6. As stated in the Subheading 3., you can obtain the cDNA sequence of the marker 
protein of interest and produce primers using one of a number of computer pro- 
grams. However, even though the primers look good on paper, this does not mean 
that they will work well in your application. If the primers you choose do not 
work as well as planned, you may need to start from scratch and redesign the 
primers. If the marker you are interested in is unique, and has never before been 
used in RT-PCR reactions, then this is the best process to follow to obtain the 
best primers. However, if the marker protein has been amplified previously with 
primers that have worked well, it is always easier and more cost-effective to use 
these same primers in your reactions. The primer sequences that amplify cDNA 
from a number of common marker proteins including tyrosinase, MART-1, and 
gplOO are available in the literature and some are even available from GenBank. 
The tyrosinase primers that we describe in Subheading 3. have been published 
previously (19). We found that a slightly different PCR cycle worked best for 
these primers in our particular thermocycler. This is often the case, and experi- 
mentation with even well-characterized primers is usually necessary. 

7. We like to use a premixed combination of components for our PCR reaction 
because this saves time and eliminates pipeting errors and the chance of contami- 
nation. The components in the mixture include the Taq polymerase, the dNTPs, 
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and the magnesium-containing reaction buffer. An alternative to the use of this 
PCR mix is to use separate components added one at a time. The advantages of 
the separate component method is that you have more flexibility in the composi- 
tion of your mix. You can use a different polymerase, such as Vent or Pwo poly- 
merase, either of which may work better in your PCR reaction. You also have 
more flexibility in the amount of magnesium you add, which is an important 
component of the mixture. If you have too much primer and cDNA template in 
your mixture, you may deplete the magnesium, which could lead to low yields. 

8. Two other problems that plague some PCR reactions are evaporation of the reac- 
tion mix owing to the high temperatures and uneven heating of the reaction tubes. 
We use a thermocycler with a heated top and also use domed reaction tubes. This 
decreases the possibility of either of these two problems occurring. If you have 
an older thermocycler, you may need to add a layer of mineral or silicone oil to 
the top of the contents of the tubes to decrease evaporation. Some thermocyclers 
also require the use of oil around the tubes to heat the reaction mix evenly. How- 
ever, this is rarely used today because the thin-walled tubes fit well in the 
thermocycler wells and heated tops also even out the heating cycle. 

9. What we have described in Subheading 3. is the traditional two-tube, two- 
enzyme method that first produces the cDNA from the mRNA and then uses a 
separate tube and enzyme to perform the PCR. There are advantages to this 
method: flexibility, because different conditions and enzymes can be used for the 
different steps; decreased cost, because only small amounts of the enzymes are 
needed; the ability to stop after the RT step and store the cDNA for long periods 
of time; the ease of troubleshooting, because the reactions are separated; and the 
long track record in the literature that this method enjoys. However, the two- 
tube, two-enzyme method is time-consuming and multiple tubes and pipet steps 
increase the likelihood that contamination will occur. In an attempt to minimize 
the possibility of contamination and to make the reactions easier to perform, sev- 
eral one-tube RT-PCR kits have been developed. Two main techniques have been 
described (23,25-27): 

a. The one-enzyme, one-tube technique utilizes the Tth DNA polymerase. This 
unique DNA polymerase has intrinsic RT activity and can be used for both 
the RT and the PCR portions of the reaction. The biggest advantage, beyond 
the use of fewer pipet steps and the use of only one tube, is that the RT reac- 
tion can be carried out at higher temperatures, which decreases problems with 
secondary structure formation by the mRNA (26). One disadvantage to this 
system is that the RT reaction requires the presence of manganese ions and 
the PCR reaction requires the presence of magnesium ions. This requires the 
opening of the tube for the addition of a different buffer prior to the PCR 
portion of the reaction. This problem has been partially alleviated by the de- 
velopment of buffers that can be used for both the RT and PCR portions of the 
reaction. Another problem is the limit Tth places on the length of the RT-PCR 
product; generally, Tth can produce only a 1-kb product, but further refine- 
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ments of the technique are also addressing this limitation. Finally, this is the most 
expensive method because a large amount of the Tth polymerase is needed, 
b. The second technique is the two-enzyme, one-tube reaction. This technique 
uses different enzymes for the RT and PCR portions of the reaction. It also 
uses RT and one or sometimes multiple DNA polymerases in a reaction buffer 
optimized for both types of enzyme. Advantages include amplification of 
longer products and the ability to use DNA polymerases with lower error 
rates. Disadvantages include the use of lower temperatures for the RT portion 
of the reaction, which could lead to interference by mRNA with secondary 
structure (see Note 5), and the inability to store the cDNA for any period of 
time because of the possible degradation of the DNA polymerase during 
storage (27). 
A recent comparison of these three methods was reported by Sellner and Turbett 
(23). They found that the one-tube, two-enzyme method was the most sensitive, 
followed by the two-tube, two-enzyme method, and then the one-tube, one- 
enzyme method. We have successfully used the uncoupled two-tube, two- 
enzyme method and the one-tube, two-enzyme method and have found no 
difference in the sensitivity of these techniques. The one-tube methods are cer- 
tainly faster and less cumbersome but lack flexibility. If you are using a standard 
primer set to detect a marker in a large number of different specimens, we sug- 
gest that you try one of the one-tube methods. 

10. This is a straightforward method for isolating DNA fragments for identification. 
The only important things to remember during gel electrophoresis concern safety 
precautions and interpretation of the bands. Ethidium bromide is used to tag the 
DNA fragments in the gel by binding to the DNA and fluorescing under UV 
light. Ethidium bromide is toxic and should be handled with care. Gels should be 
discarded in the proper containers, and gloves should always be worn when work- 
ing with this substance. The determination of the size of the DNA fragments is 
done by comparing the location of the band on the gel to the standard DNA lad- 
der that is run on the same gel. Different running speeds of the bands can occur if 
the gel is not uniform in thickness and density. Letting the agarose cool to a 
temperature that allows you to handle the container with only latex gloves prior 
to pouring the gel will keep the gel from warping the gel apparatus and decrease 
inconsistencies in the density of the gel. Use a voltage that slowly separates the 
DNA fragments and a gel that is long enough to easily discern the different bands. 

1 1 . When using nested primers, it is only really necessary to run the PCR product 
from the nested run. We usually run both the nested and primary PCR products to 
determine whether we are getting the proper results in both PCR steps as a qual- 
ity control device. If we detect a band of the correct size in the primary reaction 
but not in the nested reaction, we repeat the nested reaction and run a Southern 
blot on the primary band (see Note 12). 

12. To determine more accurately that you have amplified the correct marker cDNA 
and to detect very small amounts of the PCR products, it is often necessary to 
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employ a more sensitive and specific detection method than ethidium bromide- 
stained agarose gel electrophoresis. One method that can be used is Southern 
blotting. In this technique, an oligonucleotide probe is manufactured that can 
hybridize to the cDNA of interest. The cDNA is transferred by capillary action 
by blotting the agarose gel with a filter membrane made of nitrocellulose or nylon. 
UV crosslinking or baking fixes the cDNA to the membrane, and then labeled 
oligonucleotide probe is hybridized to the cDNA in the membrane. The probe is 
then detected by exposing X-ray film. The traditional method utilizes a radio- 
labeled oligonucleotide produced using a sample of the marker cDNA and spe- 
cific primers. The PCR reaction is carried out as before except a radiolabeled 
deoxynucleoside, such as tritiated thymidine, is used in the reaction. We gener- 
ally us a nonradioactive, chemiluminescent Southern blot technique that does not 
require the production of radioactive PCR products. The advantage of this 
method, aside from avoiding the use of radioactive compounds, is that the labeled 
oligonucleotide probe can be manufactured in large quantities and stored for long 
periods. We employ a method that adds digoxigenin-11-dUTP residues to the 
3' end of our oligonuclotide using the enzyme terminal transferase (3' Tailing 
Kit; Roche Molecular Biochemicals). Digoxigenin is a chemiluminescent com- 
pound that produces a light signal that can be detected on X-ray films using a 
detection kit. Use a 25- to 30-bp homologous DNA sequence, produced in the 
same way as the PCR primers, as the oligonucleotide probe. Examine the section 
of cDNA that you will be amplifying and pick an appropriate region that will be 
present in both the primary PCR product and the nested product. The oligonucle- 
otide can be produced by a university's DNA synthesis facility or by a commer- 
cial facility. The use of Southern blotting adds an order of magnitude to the 
sensitivity and specificity of the detection of marker cDNA. Southern blotting 
should be used as an adjunct to ethidium bromide gel electrophoresis. 
13. The usefulness of RT-PCR analysis of peripheral blood and lymph node tissue 
for the detection of clinically significant metastatic cancer is being studied. 
Muhlbauer et al. (28) have shown that they can detect melanoma-inhibitory 
activity mRNA in the peripheral blood of melanoma patients. They found a cor- 
relation between positive samples and tumor burden in stage III and IV patients 
but concluded that melanoma-inhibitory activity RT-PCR was of little value as a 
surrogate marker for clinical staging or the detection of metastatic disease. 
Mellado et al. (29) reported that they could detect tyrosinase mRNA in peripheral 
blood and that a positive tyrosinase RT-PCR result correlated with a significantly 
shorter disease-free and overall survival in patients with stage III and IV disease. 
Keilholz (30) summarized the results of seven studies of RT-PCR detection of 
circulating melanoma cells. Although most of the studies were able to use 
RT-PCR analysis of the peripheral blood to detect circulating melanoma cells, 
some found a correlation with stage of disease (11,12,19,31,32), whereas others 
did not (33,34). He concluded that there was too wide a variation in the reported 
incidence of circulating cells in patients of similar stage and that quality control 
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standards need to be designed and implemented. It is probably too soon to know 
whether the detection of circulating melanoma cells by RT-PCR will be clini- 
cally useful, and larger trials, such as the ongoing Sunbelt Melanoma Trial, are 
needed to answer this important area of question (35). 

14. The clinical significance of the detection of melanoma markers in SLNs is also 
under study. Palpable lymph nodes often contain grossly visible melanoma 
metastases but SLNs are, by definition, nonpalpable and should contain much 
smaller amounts of melanoma. A recent study by Wagner et al. (36) examined 
the typical tumor burden found in histologically positive SLNs. They found that 
most SLNs contain minute tumor volumes but that primary tumor thickness and 
the pattern of SLN metastases may not be predictive of tumor burden or the pres- 
ence of positive non-SLNs. Another area that needed to be investigated was 
whether or not the minute amounts of tumor found in SLNs represented active 
metastatic disease or simply shed tumor cells of little malignant potential. 
Scheunemann et al. (37) addressed this area of question by detecting minute quan- 
tities of tumor cells in lymph nodes and then showing that these cells could pro- 
duce progressive tumor nodules in severe combined immunodeficiency disease 
mice. They concluded that minute amounts of tumor sometimes found in lymph 
nodes could represent clinically significant disease. Several groups have now 
shown that they can detect melanoma markers in SLNs using RT-PCR 
(10,13,38,39). These studies have shown that histologically positive SLNs are 
almost universally positive by RT-PCR for tyrosinase and other melanoma mark- 
ers. The incidence of histologically negative but RT-PCR positive lymph nodes 
varied between 12 and 65%. The clinical significance of these histologically nega- 
tive but RT-PCR positive lymph nodes has recently been examined by Shivers 
et al. (10). They found that patients with histologically positive SLNs (all of 
which were also positive by RT-PCR analysis for tyrosinase) had a 61% recur- 
rence rate with a mean follow-up of 28 mo. Patients with histologically negative 
and RT-PCR negative SLNs had a 1% recurrence rate and those who were histo- 
logically negative but RT-PCR positive had a 13% recurrence rate within the 
same follow-up period. This shows a statistically significant increase in recur- 
rence detected solely by RT-PCR analysis (10). 

15. Large prospective, randomized trials are under way that will address the clinical 
significance of RT-PCR analysis of peripheral blood and SLNs in patients with 
melanoma. Until the results of these trials are available we must continue to 
develop quality standards and search for more specific and sensitive markers for 
melanoma and other malignancies (35,40,41). RT-PCR analysis is poised to 
become a significant component of staging systems, and treatment protocols and 
standards are needed to ensure comparable results. 
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Immunoscope Analysis of T-Lymphocytes 
Infiltrating Melanocytic Tumors 

Philippe Musette, Jos Even, Louis Dubertret, 
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1. Introduction 

Melanomas are most frequently infiltrated by actively proliferating 
T-lymphocytes (1). Some of these T-cells are cytolytic and recognize peptide 
antigens derived from melanoma-specific antigens (2). However, with the note- 
worthy exception of rare immune-mediated, sponaneous regressions of mela- 
nomas (3), or in the particular case of the halo nevus phenomenon in which 
normal melanocytes are killed by CD8 + -specific T-cells (4), the ongoing mel- 
anocyte-specific T-cell responses are most frequently incapable of controlling 
the growth of the tumor, resulting in the malignant melanocytic tumors escap- 
ing an otherwise specific immune T-cell response. The understanding of the 
mechanisms that underlie the switch of efficient to inefficient (and vice versa) 
T-cell responses is thus of primary importance in conceiving specific immuno- 
therapies of melanomas. 

In recent years, research has focused on the identification of melanoma- 
specific antigens (reviewed in refs. 5 and 6) and on the identification of the 
melanoma-specific T-cell clones infiltrating melanocytic tumors that are 
potentially able to drive an efficient killer response (2). Concerning the identi- 
fication of melanoma-specific T-cells, several strategies have been used, rang- 
ing from extensive T-cell cloning to systematic sequencing of all polymerase 
chain reaction (PCR) products derived from the mRNAs encoding the T-cell 
receptor (TCR) a- and (3-chains of the T-cells that infiltrate the tumor. The 
various biases to representativity introduced by cell cloning are well known. 
Only the direct identification of T clones undergoing local expansions is able 
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to avoid or minimize the numerous biases introduced by cell culture and clon- 
ing (7). The quantification of the TCRBV and AV uses by fluorescence- 
activated cell sorter (FACS) analysis does not generate an accurate picture of 
antigen-driven T-cell responses because the number of cells recovered from 
the tumors is usually low, and it identifies only those T-cell populations that 
exceed 0.1-0.5% of the total at best, a value sufficient for identifying marked 
T-cell expansions, but insufficient for monitoring specific T-cell responses 
in blood, and a fortiori for monitoring circulating memory T-cells. Finally, 
the monitoring of specific T-cell clones is nearly impossible if one excepts the 
growing use of peptide-loaded major histocompatibility complex (MHC) I and II 
tetramers (8), whose sensitivity, however, is in the same range as FACS analy- 
sis. Alternative techniques have thus been designed to describe the T-cell rep- 
ertoire in tumor-infiltrating lymphocytes (TILs) and in various other pathologic 
conditions. In view of our present knowledge of the size of T-cell clonal popu- 
lations in peripheral blood in humans (9), only PCR-derived techniques are 
sensitive and versatile enough to identify small-scale T-cell expansions. In 
these circumstances, most, but not all, the alternative techniques used to define 
the locally expanded T-cell clone candidates for further functional investiga- 
tion are thus PCR based. We developed the Immunoscope® technique (10-12), 
a semiquantitative method aimed at approaching the overall diversity of the 
CDR3 region length of the (3-chain of the TCR of T-cells contained in as few as 
10,000 T-cells. The methods used in achieving this goal are discussed next. 

1. 1. Proper Sampling 

The Immunoscope technique was developed to generate some kind of a 
"snapshot" of T-cell populations by minimizing the number of steps between 
the biopsy and the experiment. To avoid the selective pressures owing to T-cell 
culture in vitro and also to prevent degradation of mRNA, the biopsies are 
immediately frozen in liquid nitrogen following surgery. Peripheral blood 
lymphocytes (PBLs) are harvested by Ficoll fractionation, or after red blood 
cell lysis, and immediately frozen in liquid nitrogen. The samples are kept at 
-78°C. Alternatively, the tissues can be homogenized in the lysing buffer (see 
Subheading 3.2.2.) and kept frozen. 

1.2. Exhaustive RNA Extraction 

Minimize losses of infrequent mRNAs, total RNA (in order to better protect 
the mRNA) is preferred over polyA + mRNA (13). 

1.3. Adequate cDNA Synthesis 

The unstable mRNA is reverse transcribed into more stable cDNA. The qual- 
ity of the cDNA and its relative amount are determined by assaying the actin of 
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HGPRT mRNA contents, and the amount of mRNA related to T-cells is deter- 
mined by assaying the CD35 mRNA content by quantitative PCR (12,14). 

1.4. PCR Amplification of BV-BC cDNA Sequences 

The resulting cDNAs are PCR amplified slightly below saturation, using 
each of the BV-specific primers and a unique BC-primer. 

1.5. Analysis of BV-BC PCR Products 

by Runoff Elongations Using Specific Primers 

The preceding procedure generates 24 independent samples. Each BV-BC 
amplification product is subjected to a primer extension reaction using either 
an internal fluorescently labeled BC-specific primer or each of the 
13 fluorescently labeled BJ-specific primers. The fluorescent "runoff DNA 
encompasses the CDR3 region of the (3 -chain of the TCR, the region that rec- 
ognizes the antigenic peptides bound to MHC molecules. The runoff products 
are analyzed in an automated DNA sequencer to determine the length of the 
spectrum of the CDR3 regions, as well as the intensity of fluorescence of each 
peak. The distribution of the intensity of fluorescence as a function of the CDR3 
length yields a Gaussian pattern in complex T-cell populations such as PBLs, 
whereas antigen-driven responses yield preeminent peaks, which distort the 
Gaussian distribution and are indicative of expanded T-cell populations (10). 
This generates up to 2000 independent signals (i.e., 2000 independent peaks) 
out of as few as 10,000 T-cells. The signals can be made quantitative by quan- 
titating the genuine T-cell-specific mRNA content on the basis of the CD35 
mRNA content of the crude extract (15) or any other quantitative PCR-based 
method. 

1.6. Generation of Clone-Specific (Clonotypic) Primers 
for In Vivo Follow-up of Clones 

The DNA of the (3-chains of the T-cells undergoing expansion (expanded 
peaks of a given CDR3 size) can be eluted from the gels, PCR amplified, 
cloned, and sequenced (the second generation of the Immunoscope is based on 
the additional systematic sequencing of the PCR products of interest, a tech- 
nique not described herein). Alternatively, the DNA contained in expanded 
peaks can be directly sequenced or cloned and the clones sequenced without an 
additional PCR step. From the nucleotide sequence of the expanded (3-chains, 
clonotypic probes extending from B J into the CDR3 sequence can be designed, 
labeled with a fluorescent dye, and used instead of a LB2 J-specific primer in a 
primer extension reaction: these more selective primers provide a 10-fold 
increase in the resolution power of the technique (11,16). Clonotypes have 
been used to monitor T-cells in a variety of pathologic conditions (16-18) and 
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to identify the T-cells that share the same TCR (3-chain, i.e, either individual 
clones if a unique a-chain is associated to the thus defined TCR (3-chain, or a 
maximum of 25 different T-cell clones, since, according to recent data ob- 
tained in the laboratory, an average of 25 different a-chains can associate to a 
given (3-chain in peripheral T-cells (9). 

1.7. Previous Uses of Immunoscope Technique 

The Immunoscope technique has been routinely used for identifying T-cell 
clones in a variety of human diseases, such as rheumatoid arthritis (14,18), 
multiple sclerosis (16), renal cell carcinoma (19), bladder carcinoma (20), 
infection by Epstein-Barr virus (14), human immunodeficiency virus (21), and 
influenza virus (22). Several studies on the T-cells that infiltrate melanocytic 
tumors have been conducted using the Immunoscope approach (reviewed in 
ref. 23). The complex behavior of the T-cells infiltrating melanomas was stud- 
ied and T-cell clones undergoing expansion were characterized, some of which 
were found infiltrating all tumor sites of the same patient (24). We have recently 
analyzed the diversity of the (3-chains of the TCR used by the T-cells that infil- 
trate nevi undergoing immune-mediated regression (25). An Immunoscope- 
based strategy aimed at the description of the T-cells relevant to the specific 
antimelanoma response has been recently discussed (26). Finally, the same 
strategy, although made more complex by the number of AV and AJ segments, 
is applicable to the study of the TCR a-chains. 

The Immunoscope approach has been adapted to any system showing a 
highly complex diversity of genetic origin relative to human y/8 T-cells in nor- 
mal and pathologic conditions (27). The only prerequisite for such analyses is 
the availability of exhaustive data sets of the nucleotide sequences of the sys- 
tem under study. 

2. Materials 

2. 1. Preparation of Samples 

1. Liquid N 2 

2. Ficoll PBL fractionation kit. 

2.2. Extraction of Rna 

1 . Poly A + or total RNA extraction kit. 

2. Extraction solution: 4 M guanidinium isothiocyanate, 25 mM sodium citrate, 
pH 7.0, 0.5% Na N-laurylsarcosinate, 0.1 M 2-mercaptoethanol. 

3. 5.7 M CsCl in 25 mM Na acetate, pH 5.2, 10 mM Na EDTA, pH 8.0. 

4. 2.4 M CsCl in 25 mM Na acetate, pH 5.2, 10 mM Na EDTA, pH 8.0. 

5. Diethylpyrocarbonate (DEPC). 

6. DEPC-treated water. 
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7. 2 M Na acetate, pH 4.0. 

8. Isopropanol. 

9. 70%Ethanol. 

10. Tissue grinder. 

11. High-speed ultracentrifuge. 

12. Low-speed centrifuge. 

13. Speed-vac or equivalent. 

2.3. Reverse Transcription 

1. Kit for reverse transcription (e.g., Boehringer-Mannheim, Germany). 

2. AMV reverse transcriptase (Boehringer Mannheim) and its proper buffer. 

3. 15-mer Oligo dT primer, 50 \iM solution in water. 

4. RNAsin (Promega or other sources). 

5. dNTP (Pharmacia) mix: 10 mM final each. 

6. Water bath. 

7. Low-speed centrifuge. 

2.4. cDNA Amplification: Generation 
of Primary BV-BC PCR Products 

1. Set of all BV-specific primers (available in a kit developed by Applied 
BioSystems, Foster City, CA, or designed according to Table 1). 

2. BC-specific primer. 

3. Tag polymerase and its proper buffer. 

4. Pfu polymerase and its proper buffer. 

5. dNTP stock solutions (10 mM) (Pharmacia). 

6. Stock solution of MgCl 2 (25 mM). 

7. PCR thermocycler accepting 96-well plates. 

8. 96-well plates and plate covers. 

9. Multichannel pipet (12-tip). 

10. Setup for agarose gel electrophoresis. 

2.5. Runoff Elongations and Analysis of TCR fi-Chain Diversity 

1. Stock solution of 10 mM dNTP (Pharmacia). 

2. MgCl 2+ stock solution (25 mM). 

3. Fluorescently labeled BC primer. 

4. Fluorescently labeled BJ primers. 

5. EDTA(20mM). 

6. Formamide. 

7. Taq polymerase and its buffer. 

8. PCR thermocycler accepting 96-well plates. 

9. 96-well plates and sealers (Costar, Cambridge MA). 
10. Multichannel pipet. 
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Table 1 

BV and BC PCR Primers 



Primer 



Sequence 



Distance (bases) to 
codon 95 



BV1 5'-CCGCACAACAGTTCCCTGACTTGC-3' 

BV2 5'-CACAACTATGTTTTGGTATCGTC-3' 

BV3 5-CGCTTCTCCCTGATTCTGGAGTCC-3' 

BV4 5'-TTCCCATCAGCCGCCCAAACCTAA-3' 

BV5 5'-GATCAAAACGAGAGGACAGC-3' 

B V6A 5 '-GATCCAATTTCAGGTCATACTG-3 ' 

BV6B 5'-CAGGG(C/G)CCAGAGTTTCTGAC-3' 

Mixed with 

5-CAGGG C TCAGAGGTTCTGAC-3' 

BV7 5'-CCTGAATGCCCCAACAGCTCT-3' 

BV8 5-GGTACAGACAGACCATGATGC-3' 

BV9 5'-TTCCCTGGAGCTTGGTGACTCGC-3' 

BV1 1 5'-GTCAACAGTCTCCAGAATAAGG-3' 

BV12 5'-TCC(C/T)CCTCACTCTGGAGTC-3' 

BV13A 5-GGTATCGACAAGACCCAGGCA-3' 

BV13B 5'-AGGCTCATCCATTATTCAAATAC-3' 

BV14 5'-GGGCTGGGCTTAAGGCAGATCTAC-3' 

BV15 5-CAGGCACAGGCTAAATTCTCCCTG-3' 

BV16 5'-GCCTGCAGAACTGGAGGATTCTGG-3' 

BV17 5-TCCTCTCACTGTGACATCGGCCCA-3' 

BV18 5'-CTGCTGAATTTCCCAAAGAGGGCC-3' 

BV20 5'-TGCCCCAGAATCTCTCAGCCTCCA-3' 

BV21 5-GGAGTAGACTCCACTCTCAAG-3' 

BV22 5'-GATCCGGTCCACAAAGCTGG-3' 

BV23 5'-ATTCTGAACTGAACATGAGCTCCT-3' 

BV24 5'-GACATCCGCTCACCAGGCCTG-3' 

BC1 5'-GGGTGTGGGAGATCTCTGC-3' 



86 
199 
63 
89 
247 
214 
163 



84 
182 

43 

91 

59 
179 
150 
162 

75 

43 

58 

86 
101 

69 

49 

62 

51 
(reverse primer) 



2.6. Separation of Runoff Elongation Products 

1. Acrylamide (see Note 1). 

2. Bisacrylamide. 

3. Urea. 

4. 10X Tris-borate buffer (pH 8.0). 

5. Fluorescently labeled size standard markers (Applied Biosystems) in automated 
DNA sequencer such as Applied Biosystems 373A DNA sequencing system or 
ABI prism 377 DNA sequencing system. 
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2.7. Immunoscope Analysis 

1. Immunoscope 3.0 software package (Applied BioSy stems) or GeneScan soft- 
ware package (Applied BioSystems). 

2. A Macintosh (for use with Immunoscope 3.0) or a PC (for use with GeneScan) 
bench computer. 

3. Methods 

A few general safety rules should be enforced. Cells and samples should be 
handled under P2 safety conditions and potential infectious hazard should 
be considered from the sample collection stage to the extraction of RNA. 
Gloves and laboratory coats should be worn and the guidelines for good labo- 
ratory practice followed. Finally, all steps from the collection of the samples to 
the preparation of the PCR reaction should be performed in rooms in which no 
PCR products are handled. This greatly reduces the risk of contamination. 
Alternatively, the dUTP Uracyl DNA Glycosylase system is helpful to prevent 
contamination. 

3.1. Samples 

After surgical resection, the melanocytic tissue samples must immediately 
be frozen in liquid N 2 and stored at -80°C or in liquid N 2 , until RNA is extracted. 
If the sample is small or the lymphocyte count is low, the surgical sample can 
be briefly (2-4 d) grown in vitro in the proper culture medium and the lympho- 
cytes collected afterward and either frozen or immediately processed toward 
the RNA extraction step. PBLs were harvested following Ficoll fractionation. 

3.2. Extraction of RNA 

3.2.1. Principles 

Various kits for the preparation of both polyA" 1 " mRNA and total RNA are 
commercially available (see Note 2). Kits are particularly useful when several 
samples have to be treated at the same moment. In the laboratory, we prefer to 
use the Chirgwin technique (13), which gives high yields of total RNA and is 
carried out throughout in denaturing conditions, thus minimizing the risk of 
degradation of infrequent mRNAs. Also, inhibitors contained in some tissues 
are removed by CsCl centrifugation used to fractionate RNA. Briefly, the tis- 
sue is homogenized in guanidinium isothiocyanate. RNA is separated by centrifu- 
gation through a discontinuous gradient of CsCl, precipitated, washed, and dried. 

3.2.2. Procedure 

1. Make the denaturing solution: The denaturing solution consists of 4 M 
guanidinium isothiocyanate; 25 mM sodium citrate, pH 7.0; and 0.5% Na 
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Af-laurylsarcosinate. The solution is made by stirring and mild heating. It is then 
filtered on Whatman no. 1 paper and kept at room temperature in brown bottles 
and is stable for several months. Just before use, 0. 1 M final 2-mercaptoethanol is 
added and the resulting extraction solution is unstable. 

2. Grind the tissue in 7.5 mL of denaturing solution and homogenize until the DNA 
is sheared. This volume is sufficient for up to 5 x 10 8 cells. Add carrier cells to 
small samples, e.g., insect cells (see Note 3). Low-speed centrifugation (3000g 
for 5 min at room temperature) eliminates the unground tissues. 

3. Prepare SW41 (or equivalent) centrifuge tubes by adding 3 mL of 5.7 M CsCl, 
followed by carefully layering 0.7 mL of 2.4 M CsCl solution (see Note 4). 

4. Layer the extract on top of the discontinuous gradient. 

5. Weight balance the tubes by adding denaturing solution. 

6. Centrifuge for 24 h in the SW41 rotor at 110,000g and 20°C. RNA is pelleted 
(hardly visible) and DNA (recoverable using a Pasteur pipet) is visible at the 
interphase between the two CsCl layers. 

7. Aspirate off all the solution. 

8. Resuspend the pellet in 0.5 mL of denaturing solution and transfer in an 1.5-mL 
Eppendorf tube. 

9. Total RNA is recovered by precipitation. Add 50 \xL of 2 M Na (pH 4.0) and 
0.5 mL of isopropanol. Allow the RNA to precipitate for a minimum of 30 min at 
-20°C and collect as a white precipitate by centrifugation (15,000g at 5°C for 
30 min). 

10. Discard the supernatant. 

11. Wash the pellet with 1 mL of 70% ethanol, and collect by centrifugation under 
the same conditions as in step 9. Then vacuum-dry the pellet and dissolve it in 
100-200 uL of DEPC-treated water. 

12. The RNA concentration is determined by the absorbance at 260 and 280 nm: 
1 OD 260 is 40 fig/mL. The OD 2 6(/OD 2 go ratio should be close to 2. Keep the RNA 
solution at -20 C C or better at -78°C. The mRNA content of the samples can be 
standardized on the basis of their HGPRT mRNA content (thus on the basis of all 
cells in the sample), or on the basis of the CDR36 mRNA content (only T-cells). 

3.3. Reverse Transcription: Synthesis of cDNA 

3.3.1. Principles 

Only a single-strand reverse transcription is performed, sufficient for PCR 
amplification. The AMV reverse transcriptase (RT) is the most commonly used 
enzyme. However, depending on the fidelity of transcription needed, other 
enzymes can be used (see Note 5). 

3.3.2. Procedures 

The use of the reverse transcription kit developed by Boehringer-Mannheim 
is described next. 
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1. Mix 10 (xL of total RNA in water (1-10 \ig) with 2 jiL of dNTP mix and 2 jiL of 
the oligo dT primer solution. 

2. Place the mixture in a preheated water bath at 70°C for 10 min to ensure the 
destruction of RNA secondary structures. Then centrifuge the heated tube briefly 
to collect the liquid and cool on ice for 1 min. 

3. Add 4 fxL of the 5X reverse transcriptase buffer, 1 fxL of RNAsin, and 1 \iL of 
Boehringer AMV RT. 

4. Incubate the mixture for 1 h at 42°C, and then centrifuge and store at -20°C. 

3.4. cDNA Amplification: Generation 
of Primary BV-BC PCR Products 

3.4.1. Principles 

The proper PCR amplification of each BV-BC-encoding single-strand 
cDNA is the critical step of the Immunoscope approach of T-cell diversity. 
The PCR products will be used for further analysis based on the diversity of 
the BJ regions used and the CDR3 length. It is therefore of primary importance 
to avoid any sampling error. Thus, care should be taken to carry out the ampli- 
fication step using a sufficient number of cDNA molecules. This can be com- 
puted by assuming that each T-cell possesses about 200 mRNA molecules coding 
for its TCR (3-chain and also by taking into account the number of subsequent 
runoff reactions that will be carried out on each PCR product. Also, enough 
cDNA should be retained for quantitative PCR (standardization processes) and 
possible additional analyses (e.g., cytokines, chemokine receptors, AV chains etc). 

3.4.2. Procedure 

The reaction is carried out either in tubes or in 96-well Costar plates, in a 
final volume of 20 \xL, using a Perkin-Elmer thermocycler {see Note 6). It is 
suggested to PCR amplify all the BV segments of interest (ideally all BVs) in a 
unique experiment (e.g., same mix, buffer, enzyme, thermal conditions). The 
PCR kit produced by Promega has been satisfactorily used in the laboratory. 
The use of this kit is described next and follows the specifications of the sup- 
plier. Table 1 lists the sequences of the primers. Several thermostable poly- 
merases are used in the laboratory — Taq polymerase from Promega or Goldstar 
polymerase of Eurogentec — depending on the experiments to follow PCR 
amplification reaction. If the polymerase adds an untemplated A, the addition 
should be systematic for the runoff experiments to be analyzable on the auto- 
matic sequencer. This explains the use of the Promega enzyme, which system- 
atically adds an untemplated A nucleotide. The following protocol is adapted 
to the study of four different cDNA preparations. 
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Table 2 

Positions of BV Primers in 96-Well Plates 



Well 


Row 1 BV 


Row 1 BV size 


Row 2 BV 


Row 2 BV size 


1 


9 


146 


18 


189 


2 


23 


165 


6B 


266 


3 


16 


146 


4 


192 


4 


3 


166 


13A 


282 


5 


22 


152 


11 


194 


6 


21 


172 


8 


285 


7 


24 


154 


20 


204 


8 


15 


178 


2 


302 


9 


17 


161 


13B 


253 


10 


7 


187 


6A 


317 


11 


12 


162 


14 


265 


12 


1 


189 


5 


350 



1. Prepare a 2.5 \xM stock solution of the BV primers in rows A and B. To manage 
the different length of the PCR products and avoid spilling over of the signals 
into the improper lanes, the oligonucleotide primers should be put in a precise 
order (Table 2) defined by a rule of increasing size of the PCR products. The 
stock plate can be stored for months in a freezer. 

2. Dispense the BV primers into a 96-well plate: row A into rows A, C, E, and G; 
row B into rows B, D, F, and H. 

3. Prepare a reaction mix for each cDNA and one for the negative control; 327 \iL 
of water, 50 uX of 25 mM MgCl 2 ; 62 liL of 2 mM dNTP; 50 ^L of 10X Taq 
polymerase buffer; 3 u,L of 100 \iM BC primer; 3 \iL (5 U/p,L) of Taq poly- 
merase; cDNA or 5 (xL of water. 

4. Distribute 20 \iL of the mix into the plate (mix one into rows A and B, and so on) 
using a multichanel pipet. 

5. Seal the plate and place it in the thermocycler. 

6. Amplify DNA using the following standard amplification program: 30 s at 94°C; 
40 cycles of 25 s at 94°C, 45 s at 60°C, and 45 s at 72°C; 5 min at 72°C. 

7. After the run has been completed, check amplification (and the absence of ampli- 
fication in the negative controls) by running 5 fiL of the reaction mixture on a 2% 
agarose gel. The PCR plate can be stored for months at -20 C C. 

3.5. Runoff Elongations and Analysis of TCR $-Chain Diversity 

3.5.1. Principles 

The crude BV-BC PCR products appear as a single band on an agarose gel, 
owing to a mixture of (3-chains differing in their BD and BJ uses as well as by 
the length and sequences of the CDR3 regions. This diversity cannot be 
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Table 3 

Fluorescent Runoff Primers 

Distance (bases) to 
Primer Sequence" codon 106 

BC2 5'-F-ACACAGCGACCTCGGGTGGG-3' 73 

BJ1S1 5'-F-ACTGTGAGTCTGGTGCCTTGT-3' 29 

BJ1S2 5-F-ACAACGGTTAACTTGGTCCCCGAA-3' 32 

BJ1S3 5'-F-GGTCCTCTACAACAGTGAGCCAAC-3' 40 

BJ1S4 5-F-AAGAGAGAGAGCTGGGTTCCACTG-3' 32 

BJ1S5 5'-F-GGAGAGTCGAGTTCCATCA-3' 27 

BJ1S6 5-F-TGTCACAGTGAGCCTGGTCCCATT-3' 33 

BJ2S1 5'-F-CCTGGCCCGAAGAACTGCTCA-3' 14 

BJ2S2 5'-F-GTCCTCCAGTACGGTCAGCCTAGA-3' 39 

BJ2S3 5'-F-TGCCTGGGCCAAAATACTGCG-3' 16 

BJ2S4 5-F-TCCCCGCGCCGAAGTACTGAA-3' 16 

BJ2S5 5-F-TCGAGCACCAGGAGCCGC-3' 35 

BJ2S6 5'-F-CTGCTGCCGGCCCCGAAAGTC-3' 20 

BJ2S7 5-F-TGACCGTGAGCCTGGTGCCCG-3' 31 

"F, 5'-fluorophore. 



approached by mere electrophoretic analysis. Furthermore, contamination by 
unwanted PCR products may obscure the data and makes compulsory a formal 
identification of the PCR products. Formal identification and CDR3 length 
analysis can be achieved in a single step by carrying out runoff elongation 
reactions using either an internal, fluorescently labeled BC primer, or specific, 
fluorescently labeled B J primers, if the identification of the B J region is needed 
in addition to the characterization of the CDR3 length diversity (Table 3). The 
primers will anneal exclusively to the proper PCR products and thus label only 
them. The fluorescent dyes depend on the DNA sequencing system used, and 
their chemistry differs accordingly (see Note 7). 

3.5.2. Procedures 

The runoff elongation reactions are carried out in 96-well Costar plates, 
using a thermocycler and a thermostable polymerase that adds systematically 
an extranucleotide. The Promega Taq polymerase has proven satisfactory 
because it systematically adds an untemplated A. Remember that the final 
analysis is based on the description of peaks (or bands) separated by three 
nucleotides (in frame mRNAs) or one or two nucleotides (possibly out of frame 
mRNAs) and on an automatic measurement of the length of PCR products. 
Uneven addition of extranucleotides will thus blur the electrophoretic profile. 



332 Musette et al. 

3.5.2.1. BC Runoffs 

1. Prepare a mix consisting of 530 [iL of water; 130 p,L of 25 mM Mg 2+ ; 1 10 \iL of 
10X Taq polymerase buffer; 110 uE of 2 mM dNTP; 1 1 uE of 10 \xM labeled BC 
primer; 4 \xL (5 U/^iL) of Taq polymerase. 

2. Distribute the mix in the 96-well plate (8 LiL/well). Add 2 fiL/well of the PCR- 
amplified DNAs and seal the plate. 

3. Execute one to five cycles, the number of cycles depending on the intensity of the 
initial signal, of the following program (the number of cycles is your choice and 
must be maintained in the subsequent experiments), best fitted for a 9600 Perkin- 
Elmer PCR automate. It must be adapted to the specifications of other equipment: 
30 s at 94°C; one to five cycles of 25 s at 94°C, 45 s at 72°C, and 5 min at 72°C. 

4. Remove the sealer and stop the reaction by adding 10 pE of EDTA/formamide 
per well. Seal and store at -20°C. 

3.5.2.2. BJ Runoffs 

1. Dispense 0.2 \iM BJ specific dye-labeled primers in columns 1 and 2 of a 
96-well plate. We suggest dispensing BJ 1S1 to BJ IS. 6 in column 1 and BJ 2S1 
to BJ 2S7 in column 2. 

2. Prepare a BJ runoff mix. The values given next correspond to the analysis of six 
different samples: 

a. Prepare a master mix consisting of 54 pE of 25 mMMgCE; 45 pEof lOXTaq 
polymerase buffer; 45 [iL of 2 mM dNTP; in a total of 146 pE. 

b. Distribute 2.5 [xL of the BJ primers into a 96-well plate, column 1 of step 1 
into columns 1, 3, 5, 7, 9, and 11; column 2 of step 1 in columns 2, 4, 6, 8, 10, 
and 12. 

c. Divide the master mix into six mixes of 22 \iL to which 15 \iL of the ampli- 
fied material is added. 

d. Distribute the mixes in a 96-well plate, 2.5 pE/well. Mix 1 in columns 1 and 
2, mix 2 in columns 3 and 4, and so on, and seal the plate. 

e. Carry out the elongation reaction. The following program is designed for the 
9600 Perkin-Elmer PCR automate: 30 s at 94°C followed by one to five cycles 
of 25 s at 94°C, 45 s at 60°C, 45 s at 72°C, and 5 min at 72°C. After the 
program is completed, remove the sealer and add 5 [iL of EDTA-formamide 
to each well. Store the plate at -20°C. 

3.6. Separation of Runoff Elongation Products 
by Gel Electrophoresis 

3.6.1. Principles 

The analysis of the dye-labeled runoff elongation products is carried out by 
electrophoresis using any DNA sequencing system. Any DNA sequencer can 
be used provided it is equipped with the adequate software for a quantitative 
analysis of the fluorescent DNA peaks and for simultaneous recording of their 
migration through the gels. 
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3.6.2. Procedure 

In view of the diverse equipment available and the fast evolution of the 
techniques of DNA sequencing, no precise description of any particular equip- 
ment is given. Simply note the following observations or rules that hold for 
any DNA sequencer. Load the samples in the size order, to avoid possible spill- 
ing over of the fluorescent signal. Do not load too much fluorescent material: 
an excess of fluorescent material results in poor resolution of the peaks. Always 
coload fluorescent DNA size standards, which can be purchased from Applied 
Biosystems or can be homemade by amplifying a plasmid DNA using a set of 
scaled nested primers along with a unique and conserved labeled reverse 
primer. We suggest that the primers generate DNA fragments that are 80-350 
bp long, and regularly spaced by 30 bp. The recording of the migration of the 
size standards is compulsory for determining the precise size of the BV-BC 
and BV-BJ fluorescently labeled PCR products. 

In view of the diversity of the equipment in use and the uniqueness of their 
requirements, only the description of the most commonly used reagents and 
procedures is given here. The procedure described holds for a 373 A Applied 
BioSystems DNA sequencer equipped with a 36-track setup. It must be adapted 
to other setups, but the general principles and outlines remain the same. 

1. Cast an 8 M urea, 6% acrylamide gel. Acrylamide stock solution: for a 6% gel 
stock (a higher resolution is achieved by running 8% or even 10% acrylamide 
gels), mix 57 g of acrylamide, 3 g of bisacrylamide, 480 g of urea, and 100 mL of 
10X TBE and add water to make 1 L. Filter through Whatman no. 1 paper. Store 
at -4°C for months in a brown bottle. Preweighted acrylamide solutions are com- 
mercially available. 

2. Prerun the gel for 10 min at 35 W. Heat denature the samples (80°C, 10 min). 

3. Load the samples, 3.5 fxL/slot, in the following order: Assuming that rows A-F 
of a 96-well plate are to be analyzed, load row A in lanes 1-12, row C in lanes 
13-24, and row E in lanes 25-36. Add 1 \xL of the shorter set of size standards in 
lanes 1,17, and 34. Run the gel for 15 min at 35 W. Then, load row B in lanes 
1-12 and so on and add 1 p,L of the longer set of size markers to lanes 2, 18, and 
36. Run as above (15 min, 35 W) and start collecting data. About 7 h is needed to 
complete the separation of the fragments on a 373 A system. Shorter periods are 
required on some other systems. 

3.7. Immunoscope Analysis 

3.7.1. Principles 

The last part of acquiring data in the Immunoscope strategy is the conver- 
sion of the size of the elongation fragments, as they are detected in the gel or 
the capillary, into CDR3 length, and depicting the raw data as a series of peaks 
with their area in ordinate (expressed in arbitrary units) and the actual size of 



334 Musette et al. 

the CDR3 region in abscissas, most commonly expressed in amino acids (a 
CDR3 that is 10 amino acids long extends from codons 96 to 105 [28]). This 
analysis is best achieved using the Immunoscope 3.0 software package (sup- 
plied by Applied Biosystems). The GeneScan sofware package (Applied 
Biosystems) can also be used to analyze the data. 

3.7.2. Procedure 

For the analysis, the gel is tracked again, if necessary, and the folder con- 
taining the 36 lanes (raw data files) is transfered onto a Macintosh desk com- 
puter. The gel is then analyzed using the Immunoscope software following the 
detailed user's guide provided with the sofware. The final results are depicted 
as icons in which the intensity of each peak (computed as the fraction of the 
total area of the signal) is plotted against the length of the CDR3 region, 
expressed in amino acids. A Gaussian-like distribution of peaks separated one 
from each other by one amino acid is indicative of the absence of specific 
antigenic stimulation (see Note 8). Distortions from the Gaussian distribution 
are indicative of the presence of expanded clones, often evidenced as isolated 
peaks. The more precise identification of the clones undergoing expansion can 
be achieved by sequencing the DNA corresponding to the expanded peaks (24), 
either by direct sequencing when a unique peak is detectable or after subcloning 
and sequencing of the DNA of interest (29) (see Note 9). 

3.7.3. Development of Clonotypic Primers 

Once a unique (3-chain associated to an expanded T-cell population has been 
identified by DNA sequencing, the clones it belongs to can be monitored easily 
in the bloodstream or in the tumors by using the following strategy, based on 
the use of clonotypic primers. A dye-labeled clonotype is designed that extends 
from the 5' part of the BJ region into the CDR3 sequence of the (3-chain. The 
sequence should not penetrate into the retained BV region. The clonotypic 
primers can be used in the same way as the labeled BC and BJ primers, but are 
now able to detect specific clones. The lower limit of detection of T-cells car- 
ried out using a clonotypic primer is in the range of 1 of 10 5 independent 
sequences. This procedure is obviously of particular interest for the follow-up 
of patients undergoing specific immunotherapy, provided functional tests have 
established a link between the presence of the clone and its reactivity against 
the tumor or the target in general. 

In this respect the use of class I tetramers loaded with the proper peptides 
(31) of tumor origin is of primary importance in the study and follow-up of 
antigen-specific T-cell populations present in the blood and in the tumor of 
patients (32). Clonotypes can be designed and later used in the follow-up of 
individual clones in patients. 
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4. Notes 

1. Preweighted solutions of acrylamide-bisacrylamide are commercially available 
and should preferentially be used. 

2. The researcher has to make his or her own choice among the many commercially 
available kits. The contamination by genomic DNA should be tested. Also, the 
use of kits extracting total RNA rather than polyA + RNA should be preferred. 

3. Mammalian cells may interfere with the actin of HGPRT assay. 

4. The CsCl solutions (5.7 MCsCl in 25 mMNa acetate, pH 5.2; lOmMNaEDTA, 
pH 8.0; and 2.4 M CsCl in the same buffer as above) were previously filtered 
through a 0.45-p.M filter. DEPC to 0.1% was added; the solutions were allowed 
to stand for 1 h and then were autoclaved (120°C for 20 min). The CsCl solutions 
are stable for months at room temperature. 

5. Several kits for reverse transcription are commercially available and give similar 
results. Several different RT enzymes are also commercially available and can be 
used instead of the AMV RT, depending on the fidelity of transcription needed. 

6. Other equipment can be used as well. The cycling conditions need to be adjusted 
to each thermocycler. 

7. Caution: Fading is observed if the dyes are exposed to light. 

8. A superantigenic stimulation results in a Gaussian-shaped pattern. Also note that 
out-of-frame mRNAs may result in peaks abnormally located at positions corre- 
sponding to fractions of amino acids. 

9. Keep in mind that the areas of the peaks yielded by the Immunoscope can be 
compared only among experiments using the same couple of primers: the 
Immunoscope yields patterns, in the present case patterns of BV and BJ use; 
these patterns are semiquantitative, but patterns obtained from different samples 
can be compared provided the same primers and protocol have been used. Indeed, 
because of differences in the efficiency of primers, the nucleotide sequence and 
sometimes the secondary structure of the DNA fragments to be amplified, the 
yield of the PCR reactions may vary, although the primers have been designed 
(of course in addition to their specificity of annealing) to possess a similar effi- 
ciency in PCR amplification and in runoff elongation reactions. Only quantita- 
tive PCR should be used to compare the number of mRNA molecules. 
Quantitative techniques based on the Immunoscope have been developed (30). 
More recently, several types of equipment, particularly based on the determina- 
tion of the initial rate of synthesis of the PCR fragments or on the determination 
of the amount of fluorescent material synthesized before saturation is reached, 
have become available. 
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1. Introduction 

Melanoma cells are considered to be immunogenic because they express 
melanoma-associated antigens that are recognized by autologous T-cells. The 
role of T-lymphocytes in the host's immune response to cancer in general and 
to melanoma in particular has been studied intensively during the past decade, 
and an immense amount of data have strengthened the notion that a functional 
and specific antimelanoma T-cell response operates in melanoma patients (1,2). 
This assumption has been strongly reinforced by the demonstration of 
clonotypic T-cells in both primary and metastatic melanoma (3,4). Neverthe- 
less, the prognosis of metastatic melanoma is one of the most unfavorable in 
medicine. The coexistence of tumor-specific immunity with a progressing 
tumor remains a major paradox of tumor immunology and highlights the 
urgency to reveal new insights into the biology of antitumor T-cells. 

In this chapter, we describe a method based on reverse-transcriptase poly- 
merase chain reaction PCR (RT-PCR) and denaturing gradient gel electro- 
phoresis (DGGE) to rapidly screen for the presence of clonotypic T-cells (5). 
This method visually displays the degree and heterogeneity of T-cell clonality 
in complex cell populations and provides a simple means for isolating and 
characterizing nucleic acid sequences that represent individual clonotypic 
T-cells. 
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1. 1. The T-Cell and the T-Cell Receptor 

The function of T-cells is to recognize the presence of pathogens in the body 
and to respond accordingly, i.e., to clear the pathogens either by direct elimina- 
tion or by activation of other parts of the immune system. T-cells do not recognize 
native antigen but, rather, small antigen fragments (peptides) presented in the 
context of major histocompatibility complex (MHC) molecules. This dual 
specificity for both MHC and antigen is accomplished by the T-cell receptor (TCR). 

T-cells belong to two mutually exclusive lineages expressing either 
heterodimeric a(3 TCRs or heterodimeric yo TCRs. In the germline, the TCR 
locus includes a large number of variable (V), joining (J), and a constant (C) 
gene segment(s), and for the (3 chain, an additional diversity (D) segment. Dur- 
ing T-cell maturation in the thymus, the a and (3 or the y and 5 gene segments 
are rearranged into a single transcriptional unit for each of the chains. A limit- 
less repertoire for antigen recognition is provided by the assortment of the vari- 
ous V, J, and D gene segments, as well as by the addition or deletion of 
nucleotides at the junction between the V/J and the J/D gene segments. This 
so-called N-region diversity provides a unique DNA sequence for each indi- 
vidual T-cell, forming a clonotype. Once the mature T-cell leaves the thymus, 
the T-cell DNA does not go through further changes. This property of the 
T-cell implies that any specific T-cell is imprinted by its unique TCR sequence, 
providing the basis for monitoring T-cell growth distinguishing between dif- 
fuse and clonal expansions in a complex population of T-cells. 

1.2. The Principle of DGGE 

DGGE is one of several methods that separate DNA molecules according to 
base composition and sequence-related properties, rather than according to size, 
as in conventional electrophoretic procedures. The resolving principle of 
DGGE is that the melting property of a DNA molecule is highly dependent on 
the nucleotide composition. During electrophoresis in a polyacrylamide gel 
containing an increasing gradient of denaturants (usually a combination of urea 
and formamide), a DNA molecule initially moves with a constant velocity 
determined by its size. However, at a certain level in the gel, a concentration of 
denaturant is reached that causes the molecule to partially unwind, resulting in 
the abrupt formation of a three-armed intermediate that moves with a very low 
velocity. If present in a sufficiently high copy number, such a retarded, par- 
tially unwinded DNA species will be revealed as a distinct band in the denatur- 
ing gradient gel. 

Similar DNA molecules differing at one or more nucleotide positions usu- 
ally have significantly different melting temperature. Thus, they will partially 
unwind at different concentrations of denaturant and be retarded at different 
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positions in the gradient gel. Complete dissociation of the two strands causes 
loss of resolution but may be effectively prevented by attaching a highly ther- 
mostable, GC-rich sequence, usually called a GC-clamp, to one of the ends of 
the DNA fragment. The GC-clamp is easily added to the molecule by the use of 
PCR primers, one of which has been extended by a 30- to 60-bp GC-rich 
sequence at its 5' end. 

1.3. DGGE for TCR Clonotype Mapping 

Under appropriate circumstances, a T-cell that recognizes antigen will become 
activated and go through cell divisions. Consequently, the unique property of 
the TCR sequence for each T-cell implies that dividing T-cells can be detected 
by the increased abundance of a specific TCR sequence in the population. In 
turn, this can biologically be judged as an indication of an ongoing T-cell response. 

The salient feature of DGGE is physical separation of DNA sequences with 
different nucleotide composition. Even single base pair changes in a DNA 
sequence can be revealed in a denaturing gradient gel by a shift in the position 
at which the molecule is retarded (6). In a polyclonal T-cell population, all 
TCR DNA sequences will, in theory, differ from each other by their melting 
properties and will therefore be revealed as a smear in the denaturing gradient 
gel. By contrast, any population of clonally expanded T-cells will be revealed 
as a distinct band that can be recovered for further analysis (Fig. 1). By the use 
of specific primers covering the variable regions TCRBV1-24, TCR clonotype 
mapping covers the vast majority of T-cells. Each of the 24 variable regions is 
amplified by RT-PCR, and the resulting PCR products are analyzed by DGGE. 
Subsequent staining with ethidium bromide (EtBr) discloses whether 
clonotypic T-cells are present in the analyzed sample. 

2. Materials 

2.1. Synthesis of cDNA 

1. Cytoplasmic RNA. 

2. Superscript II reverse transcriptase (Gibco-BRL, Life Technologies, Gaithers- 
burg, MD) including 5X first-strand buffer and 0.1 M dithiothreitol. 

3. dNTPs. 

4. Random hexamers. 

2.2. Polymerase Chain Reaction 

1 . Oligonucleotide primers for the amplification of G APDH and the TCRBC region, 
in addition to the panel of primers that cover the TCRBV regions 1-24. For the 
analysis of low cell numbers, preamplification of TCRBV1-24 is carried out with 
the primers BV-Mix and BC4 (see Subheading 3.3. and Fig. 2). The sequences 
of the primers are given in Table 1 (see Note 1). 
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Fig. 1. TCR clonotype mapping identifies expanded T-cells by detecting the pres- 
ence of clonotypic TCR sequences giving rise to a band in a denaturing gradient gel. 



2. AmpliTaq polymerase (Perkin-Elmer Cetus, Emeryville, CA) (see Note 2). 

3. 10X PCR buffer (500 mMKCl; 100 mAf Tris-HCl, pH 9.0; 15 mMMgCL,; 0.5% 
[w/v] bovine serum albumin). 

4. 5X PCR-compatible loading buffer (0.04% cresol red, 60% sucrose). 

5. Primers in 10 pmol/[iL. 

6. lOmMdNTPs. 

7. DNA mass ladder (Gibco-BRL, Life Technologies). 

2.3. Solutions 

1. 50X TAE electrophoresis buffer: 2.0 M Tris-acetate, 0.05 M EDTA, pH 8.0. 

2. Denaturant stock solution (20% denaturant) (1.4 M urea, 8% [v/v] formamide, 
6% acrylamide [acrylamide:bis = 19: 1] in IX TAE) (see Note 3). 

3. Denaturant stock solution (80% denaturant): 5.6 M urea, 32% (v/v) formamide, 
6% acrylamide in IX TAE. 
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Fig. 2. Schematic overview of the primers used for amplification of the TCRBV 
variable regions. 



4. Photo-flo 600 solution (Eastman Kodak, Rochester, NY). 

5. Ammonium persulfate (20%). 

6. TEMED. 

7. EtBr (2 [ig/mL) in IX TAE buffer. 

2.4. Gel Equipment and Thermoregulation 

Gel systems can be commercially acquired from Bio-Rad (Hercules, CA) or 
may be built from components from various sources. The system described 
next is routinely used in our laboratory and is based on a standard slab gel 
system. 

1. PROTEAN II xi Cell (Bio-Rad). Modify the central cooling core by cutting out 
the central portion. This modification ensures uniform temperature in the gel 
when the electrophoresis cell is immersed in a temperature-controlled buffer bath 
(see Note 4). 

2. Glass plates: 16 x 20 cm (inner plate) and 18.3 x 20 cm (outer plate). 

3. Spacers, 1 mm. 

4. 25-Well combs, 1 mm. 

5. Glass or acrylic tank: approx 45 x 30 x 30 cm (length x width x height). 

6. Immersion circulator that combines heating, thermoregulation, and stirring. 

7. Two-chamber gradient maker and magnetic stirrer. 

8. Power supply. 

9. Polypropylene spheres. 

3. Methods 

3. 1. Isolation of RNA and Synthesis of cDNA 

Any sample of high-quality cDNA may be used as template for the PCR/ 
DGGE clonotype mapping procedure. In our laboratory, we use two different 
methods for the isolation of RNA, depending on the number of cells to be 
analyzed. For cell numbers >10 5 , most conventional procedures may be used. 
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Table 1 

Primer Sequences 3 



BV 



Sequence 



Size 
Position (bp) 



AG 



BV1 
BV2 
BV3 
BV4 
BV5 

BV6 

BV7 

BV8 

BV9 

BV10 

BV11 

BV12 

BV13 

BV14 

BV15 

BV16 

BV17 

BV18 

BV19 

BV20 

BV21 

BV22 

BV23 

BV24 

BCup 

BCdown 

BV-Mix 

BC-4 

BC 

Clamp 

(GC) 
GAPup 
GAP 

down 



5'-(GC 6 )-ACTCTGAACTAAACCTGA-3' 

5'-TCAACCATGCAAGCCTGACC-3' 

5'-CGCTTCTCCCTGATTCTGGAGTCC-3 ' 

5'-TTCCCATCAGCCGCCCAAACCTA-3' 

5 '-CTGAGATGAATGTGAGC ACCTTG-3 ' 

5'-CTGAGCTGAATGTGAACGCCTTG-3 ' 

5'-AGATCCAGCGCACAGAGCG-3' 

5'-AGATCCAGCGCACASAGCA-3' 

5'-GCCAAGTCGCTTCTCACCTG-3' 

5'-TGAAGATCCAGCCCTCAGAACCC-3' 

5'-TCTCACCTAAATCTCCAGACAAAG-3' 

5'-CCACGGAGTCAGGGGACACA-3 ' 

5'-TGCCAGGCCCTCACATACCTCTCA-3' 

5'-GAGAATTTCCTCCTCACTCTGG-3 ' 

5 '-GACCTCCCCCTCACTCTGG-3 ' 

5 '-CTC AGGCTGCTGTCGGCTG-3 ' 

5'-CTCAGGCTGGAGTTGGCTG-3' 

5 '-AGGGTAC A A AGTCTCTCGA AA AG-3 ' 

5'-CAGGCACAGGCTAAATTCTCC-3 ' 

5'-(GC u )-GGCGAACTGGAGGATTCTGGAGT-3' 

5'-GAAGGGTACAGCGTCTCTCGG-3' 

5'-TTTCTGCTGAATTTCCCAAAGAGG-3' 

5'-TCTCAATGCCCCAAGAACGCAC-3' 

5'-AGGTGCCCCAGAATCTCTCAG-3 ' 

5'-(GC 8 )-GCTCAAAGGAGTAGACTCCACTCTC-3' 

5'-AGATCCGGTCCACAAAGCTG-3' 

5'-ATTCTGAACTGAACATGAGCTCCT-3' 

5'-ATCCAGGAGGCCGAACACTTC-3' 

5'-GGGTAGAGCAGACTGTGGC-3' 

5'-CTTTCTCTTGACCATGGCC-3' 

5'-GAACCATRRCTACATGRHCTGGTA-3' 

5'-CCCGTAGAACTGGACTTGACAGCGG-3' 

5'-GACCGCGGGTGGGAACAC-3 

5-CGGCGCCGCCCGCCGCTCGCCCGCCGCGCCCCTGCCCGCCGCCCCCGC 

CC-3' 
5'-AGGGGGGAGCCAAAAGGG 
5'-GAGGAGTGGGTGTCGCTGTTG 589 
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-41.3 


51.2 


-74 


212 


-39.3 


55.7 


-54 


192 


-47.1 


61.2 


-81 


219 


-49.9 


65.0 


-51 


189 


-39.8 


53.9 


-51 


189 


-43.4 


58.6 


-41 


179 


-39.3 


56.2 


-41 


179 


-37.6 


54.9 


-90 


228 


-39.3 


54.8 


-43 


181 


-45.3 


60.2 


-80 


183 


-40.5 


51.4 


-32 


170 


-39.9 


57.8 


-31 


169 


-47.4 


63.5 


-47 


185 


-39.2 


51.2 


-44 


182 


-37.8 


53.0 


-45 


183 


-39.2 


56.8 


-45 
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-37.5 


53.1 


-84 


222 


-40.4 


50.7 


-65 


203 


-40.2 


53.1 


-30 


181 


-42.0 


55.4 


-87 
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-81 
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-45.7 
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212 


-44.5 


60.8 
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233 
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54.7 


-65 


211 


-42.5 


53.9 


-35 


173 


-39.2 


54.0 


-53 


191 


-41.1 


53.0 


-77 


215 


-42.0 


56.8 




148 


-35.6 


49.3 






-36.2 


49.3 



550 



"Position +1 of the BV primers is determined as the first nucleotide after the sequence coding 
for the conserved amino acid sequence CASS in the proximal end of the variable region. The 
approximate sizes of the PCR products are calculated using an estimated mean length of the DJ 
region of 50 bp. 
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We use the Purescript Isolation Kit (Gentra Systems, NC) following the manu- 
facturer's instructions. For low numbers of cells (down to 200) (see Note 5), we 
use the protocol described by Klebe et al. (7). 

For synthesis of cDNA, several RTs are commercially available. In our 
hands, the most reproducible synthesis of high-quality cDNA is achieved using 
the Superscript II RT (Gibco-BRL, Life Technologies) in a random hexamer- 
primed reaction. 

3.2. Examination of Quantity and Quality of cDNA 

Irrespective of the method used for the preparation of RNA, the quality of 
cDNA and the presence of TCR cDNA must be determined by PCR amplifica- 
tion using primer pairs specific for the house-holding gene GAPDH and 
TCRBC, respectively (see Note 6). 

For the examination of conventionally isolated RNA, prepare serial 1 : 2 
dilutions of an aliquot of the cDNA. cDNA from low cell numbers is ampli- 
fied undiluted. Prepare a PCR master mix for each of the primer sets 
GAPup/GAPdown and BCup/BCdown. The protocol given next is scaled 
for a single reaction but should be scaled according to the actual number 
of reactions. 

1. Mix 1.0 fxL of upstream primer (10 pmol/p,L), 1.0 \xL of downstream primer 
(10 pmol/^L), 2.5 \iL of 10X PCR buffer, 5.0 ^L of PCR-compatible dye, cDNA, 
and H 2 to a total volume of 20 [iL. Use a volume of 4 p,L for the amplification 
of cDNA from low cell numbers. Any suitable cDNA volume not exceeding 4 p,L 
can be used for the amplification of cDNA from conventionally isolated RNA. 
Keep on ice. 

2. For each reaction, prepare a start mix (see Note 7): 0.2 [iL of AmpliTaq poly- 
merase, 0.2 [iL of 10 mM dNTPs, and 4.6 \xL of H 2 to a total volume of 5 \iL. 

3. Add 20 \xL of PCR master mix solution to each PCR tube. Place the tubes in the 
PCR machine and run the following parameters: 94°C for 1 min, 60°C for 30 s, 
72°C for 45 s. Add start mix (5 \xL) to each reaction at an 80°C step of the first 
cycle. Amplify cDNA from conventionaly isolated RNA for 30 cycles, and 
amplify cDNA from low numbers of cells for 42 cycles. The 42-cycle BC-PCR 
should give rise to a weak band in the agarose gel to ascertain that sufficient 
amounts of TCR cDNA are available for the subsequent preamplification of all 
TCRB transcripts using the primer pair BV-Mix and BC4 (Table 1, Fig. 2). 

4. Electrophorese 6-p.L aliquots of the PCR reactions in an agarose gel together 
with an 8-u.L aliquot of DNA mass ladder. Analysis of serially diluted cDNA 
enables an approximate relative evaluation of the amount of TCRB cDNA in the 
sample. Each of the subsequent 24YCRBV1-24 amplifications should be 
carried out using an amount of cDNA giving rise to approx 80 ng of TCRBC 
PCR product/6 u.L. 
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3.3. Preamplification of cDNA from Low Cell Numbers 

1. For each reaction, prepare a master mix as follows: 1.0 [iL of BV-Mix primer 
(10 pmol/[iL), 1.0 \iL of BC4 primer (10 pmol/[iL), 2.5 \iL of 10X PCR buffer, 
5.0 [iL of PCR-compatible dye, and 4.0 p,L of cDNA and H 2 to a total volume 
of20fxL. 

2. Place the PCR tubes in the PCR machine and run the following parameters: 94 C C 
for 1 min, 60°C for 30 s, and 72°C for 45 s for 25 cycles. Use touchdown going 
from 65 to 60°C over the first 10 cycles. Add 5 [iL of start mix to each reaction at 
an 80°C step of the first cycle. 

3.4. PCR for Clonotype Mapping of TCRBV1-24 

1. Prepare a PCR master mix for 26 reactions (see Note 8) as follows: 65.0 \xL of 
10X PCR buffer, 130.0 ^L of PCR-compatible dye, 26.0 \iL of BC-GC primer 
(10 pmol/jiL), cDNA or preamplified cDNA and, H 2 to a total volume of 
494 \iL. 

2. Mix well and keep on ice. 

3. Distribute 1 \iL of each of the BV primers (10 pinol/pE) to 25 tubes (see Notes 9 
and 10). 

4. Add 19 [iL of PCR master mix to each tube. 

5. Mix briefly and spin to collect liquid. 

6. Put the tubes in the thermal cycler and run 40 cycles (parameters as in Subhead- 
ing 3.2.); add 5 \iL of start mix to each tube at the 80°C step of the first cycle. 

3.5. DGGE Analysis (see Note 11 j 

3.5.1. Preparing the Gel 

1. Clean glass plates carefully with ethanol and cover them with a thin layer of 
Photo-flo 600 solution to reduce surface tension. Assemble the gel sandwich 
according to the supplier's instructions. 

2. From the stock solutions of acrylamide and denaturants, prepare two solutions of 
14 mL each (for a 28-mL gel) corresponding to the two end points of the desired 
denaturant concentration range (20 and 80% denaturant, respectively). 

3. Add 50 \iL of 20% ammonium persulfate and 6 [iL of TEMED to each solution 
and mix by gently swirling. 

4. Pour the two gel solutions into the gradient maker, ensuring that the solution of 
higher denaturant is poured into the mixing chamber (the chamber with the outlet 
and the magnetic stirrer). Avoid introducing bubbles by too vigorous mixing. 

5. Open the valve interconnecting the two chambers and let some solution pass 
between the chambers to ensure that air bubbles do not block the connecting pipe. 

6. Open the outlet and introduce the gradient into the gel sandwich from the top by 
gravity flow or with a peristaltic pump. 

7. Insert the comb gently and at an angle, and let the gel polymerize for 30-45 min. 

8. Remove the comb and immediately flush the wells carefully with IX TAE buffer 
to remove unpolymerizsed acrylamide (see Note 12). 
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3.5.2. Running and Staining the Gel 

1 . Attach the gel sandwich to the central cooling core, fill the upper buffer chamber 
with IX TAE buffer, and load the samples. Immediately immerse the gel assem- 
bly into the temperature-controlled tank filled with IX TAE buffer, and cover the 
buffer surface with polypropylene spheres to minimize evaporation. 

2. Run the gel at 58°C, 160 V for 4.5 h. 

3. After electrophoresis, stain the gel in IX TAE buffer containing EtBr (2 p,g/mL) 
for 10 min. Destain the gel in IX TAE buffer if required. Photograph the gel on a 
UV transilluminator. 

3.5.3. Excision of Clonal TCR Transcripts for Sequencing 

1. Localize the clonal transcript and carefully excise it from the gel with a clean 
scalpel. 

2. Incubate the gel slice in 100 p,L of H 2 overnight (or longer) at 4°C. 

3. Use 1 \iL of this eluate as template in a new 30-cycle PCR reaction. As down- 
stream primer, use the undamped BC primer. 

4. Sequence the PCR product with any of the primers used in the reamplification. 

3.6. Discussion 

A high number of clinical and pathologic conditions have been analyzed for 
the presence of clonotypic T-cells, and an almost equally high number of dif- 
ferent methods have been utilized. The most widely used methods are based on 
RT-PCR followed by single-strand conformation polymorphism (SSCP) (8) or 
CDR3 size determination (Immunoscope® technique) (9). The TCR clonotype 
mapping methodology, as detailed above, was developed with the aim of 
establishing a sensitive and high-resolution method that is simple and requires 
little hands-on time. The entire procedure for detecting T-cell clones in any of 
the amplified BV families in a sample of cDNA may be completed within 8 h, 
and the EtBr-stained gel provides a visual map that can be directly photo- 
graphed or saved as a computer file. 

Compared to TCR clonotype mapping, SSCP-based analyses suffer from 
the fact that EtBr stains single-stranded DNA only weakly, and, therefore, 
radioactive labeling is often used to visualize bands in SSCP gels. This, in turn, 
implies that bands representing clonal transcripts cannot be readily excised 
from the gel for further analysis. More important, SSCP analysis of a single 
clonal transcript gives rise to at least two bands in the gel, corresponding to the 
two strands of the DNA double helix. This constitutes a serious problem when 
analyzing complex T-cell infiltrates that may comprise numerous T-cell clones 
for each variable family. The one band/one clone readout of TCR clonotype 
mapping circumvents this problem (5). 

The major shortcoming of the Immunoscope methodology is quite different. 
The presence of a single heavily expanded T-cell clone in each BV family will 
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Fig. 3. TCR clonotype mapping of the T-cell infiltrate in an sc melanoma lesion. 
PCR products were loaded onto a 20-80% denaturing gradient gel and run for 4.5 h at 
160 V at a constant temperature of 58°C. DNA was stained with ethidium bromide and 
photographed under UV light. 



undoubtedly be detected by this method. However, the profile of an oligoclonal 
population of T-cells may be similar to that of polyclonal populations, imply- 
ing the risk of underestimating the number of individual clones. The risk of 
overlooking T-cell clonality is minimized when the method is used at its full 
potential, but this will require more than 300 PCR reactions and subsequent 
computerized analyses. 

We have used the TCR clonotype mapping methodology for a number of 
different approaches. Recently, we analyzed melanoma lesions for the pres- 
ence of clonotypic T-cells and disclosed that the number of clonally expanded 
T-cells in tumor-infiltrating lymphocytes (TILs) of melanoma is much higher 
than previously anticipated (Fig. 3) (4,10). Thus, the numbers of in situ T-cell 
clonotypes in melanoma are in the range of 40 to more than 60, establishing 
that melanoma cells in vivo raise a highly complex and heterogeneous T-cell 
response. In the same study, we compared T-cell clonotypes from separate 
lesions, taking advantage of the capacity of TCR clonotype mapping to dis- 
close sequence identity by a single gel run. Strikingly, only a very limited frac- 
tion of the expanded T-cells could be detected in more than a single lesion, 
indicating that the T-cell response against melanoma is mainly composed by 
locally expanded T-cells that do not enter the periphery (Fig. 4) (11). The ease 
of comparing TCR transcripts using TCR clonotype mapping also makes this 
method ideal for comparative analyses of in vitro-established T-cell lines and 
clones (12). Comparative analyses formed the basis of a recent study in which 
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Fig. 4. Examples of comparative TCR clonotype mapping. T-cell clones in four 
separate sc melanoma lesions (L1-L4) were compared. LI and L2 were divided into a 
regressive (L1R) and a progressive (LIP) part. Note that the vast majority of the com- 
pared TCR transcripts resolve at different positions in the gel and thus are different. 
Analysis of PBLs from the patient demonstrated the presence of a T-cell clonotype 
expressing the BV4 region. This T-cell clone, however, was different from the BV4 
clonotype detected in the tumor lesions. 



in situ T-cell clonotypes from melanoma lesions were monitored during in vitro 
culture. The comparison of more than 150 clonotypic TCR transcripts demon- 
strated that the vast majority of in situ T-cell clones in melanoma are not ame- 
nable to in vitro expansion (unpublished data). 

This chapter has focused on describing TCR clonotype mapping methodol- 
ogy for the detection of expanded T-cells in humans. However, the method 
was established for the detection of murine T-cell clonotypes and has been 
used to analyze TILs in B16 melanoma lesions (13,14). 

4. Notes 

1. Depending on the supplier of oligos, a substantial fraction of a given oligo is not 
of full length. This fraction increases with length and we recommend that the 
BC-GC primer be ordered purified by high-performance liquid chromatography 
to be of the correct length. 

2. During PCR amplification, the polymerase may introduce errors into the 
sequence. In the subsequent DGGE analysis of the PCR products, these mutants 
will be physically separated from the correctly amplified sequences. Because the 
PCR-induced mutations are scattered randomly in the target sequence, the mutant 
amplicons will migrate to different positions in the denaturing gradient gel and 
add to the background smear. However, when TCR clonotype analyses are car- 
ried out on very low numbers of cells, there is a risk that polymerase- 
introduced errors will be detected as an additional T-cell clone. In these cases, 
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the use of polymerases with low error rates or proofreading may significantly 
reduce this risk. 

3. Zero percent denaturant stock is acrylamide in IX TAE buffer; one hundred per- 
cent denaturant is an arbitrary standard defined as 7 M urea (42 g/100 mL) and 
40% (v/v) formamide. 

4. Successful DGGE analysis depends on accurate temperature control within the 
gel; the temperature must remain constant during the gel run. To avoid local 
temperature differences, it is important that the glass plates of the gel sandwich 
be in direct contact with the heated buffer on both sides, and that the buffer be 
constantly circulated by means of a stirring device. 

5. Do not use cell numbers above 2000 in this procedure. It is our experience that 
cell numbers above 2000 do not increase the amount of RNA/cDNA. 

6. The primers for GAPDH are positioned in different exons, and the TCR constant 
region primers (BCup/BCdown) are positioned at the exon/exon boundary of 
exon 1 and 2, and exon 3 and 4, respectively. These primers, therefore, do not 
amplify genomic DNA. 

7. We use the "hot start" procedure in all our PCR reactions to avoid cold annealing 
and extension. For the amplification of BV 1-24, the hot start is extremely impor- 
tant to facilitate the specific amplification of each BV family. 

8. To ensure that enough PCR mix/start mix is available for all reactions, prepare 
the mix for at least one additional reaction. 

9. Some of the BV families are amplified with two primers. With the exception of 
BV13A and BV13B, these primers amplify well in a single tube reaction. This 
implies that the amplification of BV regions 5, 6, and 12 is carried out using two 
BV primers in the same tube. The BV13A and BV13B amplify in separate tubes. 

10. The primers BV1-24 have been carefully selected not only for efficient and spe- 
cific amplification but also for melting properties using MELT87. If new primers 
are selected, these should therefore be analyzed similarly to ensure optimal reso- 
lution in the denaturing gradient gel. 

1 1 . The amplified TCRB V regions 1-24 encompass DNA molecules with highly dif- 
ferent melting properties. To allow analysis of all BV families in a single gel, a 
broad-range denaturing gradient gel (20-80% denaturant) must be used (15,16). 

12. Gels may be prepared the day before use and stored at room temperature or at 
4°C. To inhibit evaporation, overlay gels with Witawrap. 
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Methods for Use of Peptide-MHCTetramers 
in Tumor Immunology 

Cassian Yee and Peter P. Lee 



1. Introduction 

Direct analysis of T-cells of defined specificity and phenotype, without in 
vitro manipulation that accompanies limiting dilution analysis or other 
restimulation protocols for evaluating precursor frequency, provides the most 
accurate representation possible of in vivo events. The natural ligand of the 
T-cell receptor (TCR), the peptide-major histocompatibility, could be used to 
identify T-cells of a given specificity, but the use of a single peptide-MHC 
would fail because the affinity of the peptide-MHC for its TCR ligand is char- 
acterized by a very fast dissociation rate (1,2). A tetrameric peptide-MHC, 
however, exhibits sufficient affinity for its TCR ligand to permit its use as a 
staining reagent in flow cytometry so that peptide-specific T-cells can be visu- 
alized by fluorescent markers conjugated to the tetramer (3,4). By combining 
this approach with fluorescent antibodies staining phenotypic markers or intra- 
cellular cytokines, this novel and powerful technology now provides a more 
rapid and informative assessment of antigen-specific T-cells in a given popula- 
tion. Furthermore, sorting individual tetramer+ cells provides an expeditious 
means for detailed single cell analysis or sorting followed by in vitro expan- 
sion. We and others have demonstrated that peptide-MHC tetramers can be 
used for the purposes discussed in the next sections. 

In this chapter, we describe in detail the methods of using peptide-MHC 
tetramers to analyze in vivo precursor frequency, evaluate intracellular 
cytokine production of antigen-specific T-cells, and isolate antigen-specific 
CTL clones from a heterogeneous population. 
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1.1. Estimating the Frequency of Antigen-Specific T-Cells In Vivo 

Current methods of analyzing the in vivo frequency of antigen-specific 
T-cells include the use of limiting dilution analysis of cytotoxic T-lymphocyte 
(CTL) frequency or CTL reactivity to peptide-pulsed targets. However, this 
method requires a period of in vitro peptide stimulation and expansion before 
assay, and this may underestimate the actual CTL frequency because of the 
requirement for clonal expansion to numbers sufficient to mediate lysis of tar- 
gets in a chromium release assay. In addition, it fails to provide a true real-time 
evaluation of in vivo events (5). Moreover, analysis of multiple parameters of 
T-cell phenotype and function, such as that achievable by flow cytometry, are 
not possible. ELISPOT analysis provides a representation of CTL frequency 
by enumerating cytokine-producing cells stimulated in vitro in filter wells and 
correlates well with tetramer analysis of antigen-specific CTL (6). However, 
this method is a destructive process that does not permit isolation of viable 
T-cells for further analysis. 

Using peptide-MHC tetramers, it is possible to analyze CTL frequency in the 
peripheral blood of patients to detect antigen-specific T-cells following tumor 
vaccine or adoptive T-cell therapy. Our own studies indicate that peptide tetramers 
can be used to estimate CTL frequencies at a sensitivity of <0.05% of CD8 T-cells 
in previously cryopreserved peripheral blood lymphocyte samples (7). 

1.2. Performing Multiparameter Analysis 
of Individual Antigen-Specific T-Cells 

Simultaneous staining of tetramer+ CTLs with antibodies to surface mark- 
ers of activation, differentiation, or intracellular cytokine expression can be 
used to provide detailed information about antigen-specific CTLs (7,8). Addi- 
tionally, the intensity of tetramer staining has been shown to correlate with 
TCR affinity of both CD4 and CD8 + T-cells (9,10). Because TCR affinity is an 
important factor in determining the fate of T-cells during development (11) 
and an increased TCR affinity can contribute to the avidity of a T-cell for its 
target, tetramers can be useful reagents in studies of T-cell ontogeny and effec- 
tor T-cell function. 

1.3. Expediting the Isolation of Antigen-Specific T-Cells 

T-cells recognizing viral or tumor antigens can be identified from the 
peripheral blood and lymph nodes by sorting ex vivo using specific peptide- 
MHC tetramers and expanded in vitro (9,12). Although it may be possible to 
selectively expand T-cell clones using antibodies to TCR V(3 or Va regions 
known to be expressed by high-affinity T-cell clones, this approach cannot be 
broadly applied because a priori knowledge of the TCR V(3 or Va phenotype 
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of the high-affinity clone for each individual is required. We have shown that 
even though the identical peptide was used to generate high-affinity tumor- 
reactive CTL clones from two HLA-A2" 1 " patients, the utilization of TCR V(3 
among these clones was diverse (unpublished data). 

The use of peptide-MHC tetramers to select high-avidity tumor-reactive 
T-cells would decrease significantly the resources and time required to isolate 
T-cell clones from patients whose advanced disease often curtails the window 
of opportunity for initiating adoptive therapy. 

2. Materials 

2.1. Staining of Antigen-Specific CTLs 

1. Staining solution: RPMI, 1% fetal calf serum (FCS) or human AB serum. 

2. Anti-CD8 fluorescein isothiocyanate (FITC) conjugate (aCD8-FITC) — we have 
tested a number of anti-CD8 FITC conjugates and found that the one from Caltag 
works best. 

3. Anti-CD4 Cy5PE. 

4. Anti-CD 14 Cy5PE conjugate (aCD14-Cy5PE). 

5. Anti-CD16 Cy5PE conjugate (aCD16-Cy5PE). 

6. Anti-CD19 Cy5PE conjugate (aCD19-Cy5PE). 

2.2. Intracellular Cytokine Analysis of T-Cells 

1. Anti-CD8 Cy5PE conjugate (rxCD8-Cy5PE) 

2. Anti-CD 14 FITC conjugate (aCD14- FITC) 

3. Anti-CD 16 FITC conjugate (aCD16- FITC) 

4. Anti-CD19 FITC conjugate (aCD19- FITC) 

5. Anti-interleukin-10 (IL10) antigen-presenting cell (APC) conjugate (aIL-10-APC) 

6. Anti-IL-2 APC conjugate (aIL-10-APC) 

7. Anti-interferon-y (IFN-y) APC conjugate (aIL-10-APC) 

8. Anti-tumor necrosis factor-a (TNF-a) APC conjugate (aIL-10-APC). 

9. Isotype controls for APC conjugate (rat IgG 2a , mouse IgG^. 

10. Saponin. 

11. Phorbol 12-myristidate 13-acetate (PMA). 

12. Ionomycin. 

13. BrefeldinA. 

14. Fc-Block. 

2.3. Isolation and Expansion of T-Cells 

1. CTL media: RPMI, 25 mM HEPES, 2 mM L-glutamine, 10% human serum. 

2. aCD3 antibody. 

3. IL-2. 

4. Allogeneic peripheral blood mononuclear cells (PBMCs). 

5. Allogeneic EBV-transformed lymphoblastoid cell lines (LCLs). 



356 



Yee and Lee 






h 

1) 

H 
i 

in 

O 





10 ucg/ml 




20 ucg/ml 




40 ucg/ml 




80 ucg/ml ^ 


1000 

5 100 

± 


# 


i 

■t 

i 100- 


$ 


I 

5 loo- 


... # 


1000- 

i 


' 


10- 


■■ * 


10 i 








10 





1000 10000 



1000 10000 



1000 10000 



CD8-FITC 

Fig. 1. Titration of a G154 peptide-MHC tetramer. A representative gplOO (G154) 
peptide-specific CTL clone is stained with the G 1 54-tetramer conjugated to PE at concen- 
trations of 10, 20, 40, and 80 \xg/mL. A 1 :60 concentration of anti-CD8 FITC (Caltag) is 
used in each sample. Increased staining intensity and tighter clustering of tetramer-positive 
cells is observed with increasing tetramer concentration and plateaus at concentrations 
a40 u,g/mL. A concentration of 40 \ig/mL is used for subsequent studies. 



3. Methods 

3. 1. Staining and In Vivo Frequency Analysis 
of Antigen-Specific CTLs 

3. 1. 1. Titrating Tetramer Concentration for Staining (see Fig. 1) (Note 1) 



l. 



Prior to using any tetramer reagent, titrate the optimal concentration using antigen- 
specific CTL controls. Prepare a positive control (antigen-specific CTL clone or 
line) and a negative control (irrelevant antigen-specific CTL clone or line 
restricted to the same HLA allele). 

Prepare five aliquots of 5 x 10 5 cells each in 30-uL of staining solution. 
Add Tetramer-PE in concentrations of 0, 10, 25, 50, 75, and 100 u,g/mL. 
Continue staining as described in step 4 of Subheading 3.1.2. 



3.1.2. Sample Preparation and Staining 



2. 

3. 

4. 
5. 
6. 

7. 



Ficoll peripheral blood. If using a frozen sample, thaw in the presence of DNase 
(30 (ig/mL), and then Ficoll. Wash twice with RPMI + 5% FCS (Note 2). 
Aliquot 3 x 10 5 to 1 x 10 6 PBMCs in 30 [ih of staining solution (use V- or 
U-bottomed 96-well plates). 

Add Tetramer-PE to optimal dilution (25-100 u,g/pL; see Subheading 3.1.1.). 
Incubate for 30-60 min at room temperature. 

Add anti-CD8-FITC and Cy5PE dump antibodies (anti-CD4,14,16) (Note 3). 
Incubate for 30 min at 4 C C. 

Wash in a 10X volume (300 uL) of staining solution. Repeat. 
Resuspend in 200 uL of staining solution. Transfer to 200 \iL of 0.2% paraform- 
aldehyde fixative or 200 uL of staining solution (if proceeding to sort). 
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3.1.3. Flow Cytometry Analysis 

1. Render compensation using singly stained cells (PBMCs or CTLs) for each of 
the fluorochromes: FITC, PE, and Cy5PE. 

2. Gate on lymphocyte population by FSC and SSC, and negatively gate out 
Cy5PE+ cells (accept only Cy5 PE-negative cells). 

3. Collect a minimum of 100,000 events, preferably 500,000. 

4. For more accurate evaluation, also run standard dilutions of antigen-specific 
CTLs in autologous PBMCs from 1 : 100 to 1 : 100,000. 

3.2. Multiparameter Analysis for Intracellular 
Cytokine Staining (see Fig. 2) 

1 . Stimulate PBMCs with 1 fxg/mL of PMA and 0.25 fig/mL of ionomycin for 6 h at 
37°C, or with 10 fxg/mL of relevant peptide for 18 h (Note 5). 

2. After the first 3 h add 10 \ig/mL of Brefeldin A to culture (Note 6). 

3. At the end of 6 h of incubation, add Fc-Block for 20 min at 4°C to block Fc receptors. 

4. Aliquot samples of 1 to 3 x 10 6 cells in staining solution with the relevant peptide- 
MHC tetramer-PE (see Subheading 3.1.1. for optimal concentrations). 

5. Stain at room temperature for 30 min. 

6. Add anti-CD4-FITC, CD14-FITC, and CD19-FITC to be used as the "dump" 
cocktail when gating, and anti-CD8Cy5 PE to identify the CD8 + T-cells (Note 3). 

7. Fix cells for 20 min at 4°C with 2% paraformaldehyde in phosphate-buffered 
saline (PBS). 

8. Permeabilize for 10 min at room temperature using 0.5% saponin in PBS. 

9. Stain cells in permeabilization buffer for 20 min at 0°C with predetermined 
optimal concentrations of APC-conjugated anti-IL-2, anti-IL10-, anti-IFN-y, or 
anti-TNF-a. 

10. As negative staining control, stain cells with isotype-matched control antibody 
APC-conjugated rat IgG 2a , mouse IgGj. 

1 1 . Wash cells twice in permeabilization buffer and once in FACS buffer and then 
analyze by four-color flow cytometry. 

3.3. Isolation of Antigen-Specific CTLs (see Fig. 3) 

1. Stain as described in Subheading 3.1.2. Do not use sodium azide in the staining 
solution or fixative (paraformaldehyde). 

2. Sort on CD8 + , Cy5~, Tetramer+ population with high stringency (i.e., collect cells 
only in the third decade) into a sterile tube of CTL media (Note 7). 

3. Clone at limiting dilutions of 5-0.5 cells/well in 96-well plates containing the 
following (200-pL final volume): 5 x 10 6 irradiated allogeneic PBMCs/plate, 
1 x 1 6 irradiated LCLs/plate, 30 ng/mL of anti-CD3 (OKT3), and IL-2 (50 U/mL) in 
CTL media (Notes 8 and 9). 

4. Evaluate for peptide/antigen specificity as follows: 

a. Pulse A221-A2 cells with 10 ng/mL of peptide for 2-18 h (Note 10). 

b. Pulse A221-A2 cells with irrelevant peptide. 
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Fig. 2. Concurrent intracellular cytokine staining can be used to evaluate antigen- 
specific CTL function. Following in vitro stimulation of peripheral blood mononuclear 
cells, intracellular cytokine staining (TNF-a and IFN-y) of PBMCs from a CMV- 
seropositive donor demonstrates significant cytokine production (50-60% of 
CMV-specific CTL). The PE-conjugated peptide MHC tetramer synthesized using the 
immunodominant HLA-A2-restricted peptide of the CMV pp65 was used to stain 
CMV-specific CTL. 



d. 



Harvest 100 \iL of the wells demonstrating clonal growth and divide this ali- 
quot into each well containing either positive or negative chromium-labeled 
targets (2000 targets/well of a 96-well plate). 

Incubate for 4 h. Harvest the supernatant for evaluation of specific chromium 
lysis. Wells with clones demonstrating >30% lysis and negative target lysis 
of <5% are harvested and expanded for further analysis. 
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Fig. 3. Isolation of antigen-specific, high-affinity CTL clones from a heterogeneous 
population. Cy5PE" CD8-FITC + , gplOO (G154 peptide)-Tetramer hi T-cells are sorted 
and cloned into 96-well plates. Wells demonstrating growth after 2 wk are screened 
for peptide-specific (221-A2 + gplOO peptide) and tumor-specific (624mel) lysis. 
Selected clones are expanded for further analysis or adoptive T-cell therapy. (A375 is 
an HLA-A2 + , gplOO-negative melanoma cell line, and 624mel is an HLA-A2 + , gplOO- 
positive melanoma cell; both cell lines were a generous gift of Y. Kawakami.) 



360 Yee and Lee 

4. Notes 

1 . Titration of tetramers is equally important. Each tetramer must be individually 
titrated against a CTL line or clone with specificity for the MHC-peptide of inter- 
est. The optimal tetramer staining concentration is the lowest concentration that 
reaches saturation. Using too low of a tetramer concentration for staining will 
decrease sensitivity, and too high of a concentration will increase background 
staining. Both will interfere with the ability to distinguish true positive cells from 
background (signal-to-noise ratio). 

2. Preparation of cell samples for analysis is one of the most important steps for 
ensuring accurate and reproducible staining/sorting. Because most samples will 
be originally frozen, cell death following thawing can be as high as 30-40%. The 
clumping of cells that appears especially during periods of prolonged incubation, 
i.e., for staining or T-cell activation, can be mitigated by doing the following: 

a. Ficoll to remove dead cells following thawing. This is time-consuming and 
can result in loss of viable cells for staining; it has also been known to activate 
T-cells transiently. 

b. Add DNase for 5 min prior to the first wash after thawing, to remove clump- 
ing as a result of DNA released by dead cells. 

c. Incubate overnight in CTL media supplemented with low-dose IL-2 (5 U/mL) or 
IL-7 (10 ng/mL). Antigen-specific CTLs do not proliferate during this interval, 
and nonspecific background staining is significantly reduced with this approach. 

3. Tetramers may nonspecifically bind to monocytes, natural killer cells, and occa- 
sionally B-cells, so the use of the dump antibody cocktail (to CD 14, CD 16, and 
CD 1 9) is important, especially for analysis of T-cell frequency in the peripheral blood. 

4. Tetramers should be stored at 4°C (never in the freezer) in the presence of excess 
peptides and protease inhibitors. They have a shelf life of approx 3-6 mo but 
should be re-titrated approximately every month. 

5. PMA/ionomycin is a potent activator of T-cells in vitro; absence of a cytokine 
response demonstrates severely crippled T-cell function. However, it is a 
supraphysiologic mediator of activation, and more subtle T-cell responses may 
be better assessed following TCR stimulation with peptide-pulsed or antigen- 
positive targets, especially when evaluating cytokine profiles. 

6. Brefeldin A or monensin is used to block transport of cytokines through the Golgi 
apparatus, resulting in the accumulation of cytokines intracellularly and a poten- 
tially stronger signal when stained using anticytokine antibodies. 

7. In a heterogeneous population of lymphocytes, i.e., in the peripheral blood or in 
vitro-stimulated culture, we have demonstrated that isolation of tetramer hl CD8 + 
T-cell clones exhibits a higher avidity for their antigen-specific target than 
tetramer 10 CD8 + T-cell clones, although both phenotypes continue to maintain 
their peptide specificity. For this reason, sorting cells with a higher stringency, 
i.e., those with a fluorescent signal in the third decade, will yield a higher per- 
centage of antigen-specific CTLs of interest. The temperature at which staining 
occurs can also influence the degree of staining that is seen. Whereas we have 
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conducted our studies at 4°C or room temperature, there are data to suggest that 
tetramer staining at 37°C may yield a more specific high-affinity population of 
antigen-specific CTLs (13). 

8. Cloning of tetramer+, CD8 + T-cells can be done directly in 96-well plates at a set 
number of cells/well in most cell sorters equipped with an adapter plate (Van- 
tage, BDIS). However, cloning efficiency using this approach may vary accord- 
ing to the antigen-specific T-cell of interest. Thus, multiple plates inoculated with 
varying numbers of cells/well (1-5 cells/well) will provide an optimal yield of 
clones. When using this method, plates should be prepared beforehand so that 
wells already contain feeder cells, anti-CD3, and IL-2 prior to cell sorting. 

9. Although commercial lots of human AB serum can provide adequate T-cell 
growth in some cases, we recommend the use of freshly pooled volunteer serum 
AB donors when possible. Individual lots can vary widely in their ability to support 
T-cell growth, and multiple lots should be tested prior to their use in CTL media. 

10. A221-A2 cells are an EBV-transformed, class I-deficient mutant line that has 
been modified to express HLA-A2. This line serves as a useful target for evaluat- 
ing peptide-specific lysis restricted to HLA-A2. Autologous EBV-transformed 
B-cell LCLs may also serve as targets in patients whose antigen target is pre- 
sented by other alleles. Alternative surrogate markers of antigen recognition 
include measurements of cytokine release (e.g., granulocyte macrophage colony- 
stimulating factor or IFN-y) following 24 h of incubation. 
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